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Abstract: Diabetic retinopathy is a vision-threatening microvascular complication of diabetes and is
one of the leading causes of blindness. Oxidative stress and inflammation play a major role in its
pathogenesis, and new therapies counteracting these contributors could be of great interest. In the
current study, we investigated the role of vitamin D against oxidative stress and inflammation in
human retinal pigment epithelium (RPE) and human retinal endothelial cell lines. We demonstrate
that vitamin D effectively counteracts the oxidative stress induced by hydrogen peroxide (H2O2).
In addition, the increased levels of proinflammatory proteins such as Interleukin (IL)-6, IL-8, Monocyte
chemoattractant protein (MCP)-1, Interferon (IFN)-γ, and tumor necrosis factor (TNF)-α triggered by
lipopolysaccharide (LPS) exposure were significantly decreased by vitamin D addition. Interestingly,
the increased IL-18 only decreased by vitamin D addition in endothelial cells but not in RPE cells,
suggesting a main antiangiogenic role under inflammatory conditions. Moreover, H2O2 and LPS
induced the alteration and morphological damage of tight junctions in adult retinal pigment epithelium
(ARPE-19) cells that were restored under oxidative and inflammatory conditions by the addition of
vitamin D to the media. In conclusion, our data suggest that vitamin D could protect the retina by
enhancing antioxidant defense and through exhibiting anti-inflammatory properties.
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1. Introduction

Diabetic retinopathy (DR) is the main cause of blindness among adults of working age globally [1].
An effective management of diabetes reduces the risk of complications, however, poor control of the
condition can result in microvascular complications [2]. Nevertheless, even patients with intensive
glycemic control have rate of progression over 7% [3]. The Diabetes Control and Complications Trial
(DCCT) found that intensive glycemic control can effectively reduce or slow down the development or
progression of DR by 76% in patients with type 1 diabetes, while the U.K. Prospective Diabetes Study
(UKPDS) came to a similar conclusion in patients with type 2 diabetes [2,4].

The investigation of the underlying mechanisms of DR is of great importance and may provide
potential new alternative treatments. Several studies have shown that diabetes can lead to DR by
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several mechanisms including the polyol pathway [5], non-enzymatic glycation [6], activation of
protein kinase C [7], oxidative stress [8–12], and inflammation [13]. Oxidative stress is considered to be
one of the crucial causative factors in the development of DR, in combination with other biochemical
imbalances, leading to both structural and functional changes and also promoting an increased loss of
capillary cells in the microvasculature of the retina [11,12]. In addition, a significant body of evidence
supports the role of proinflammatory cytokines, chemokines, and other inflammatory mediators in
the pathogenesis of DR, leading to chronic low-grade inflammation of the retina and eventually to
neovascularization [14].

Vitamin D (VITD) is a fat-soluble molecule that is found in two forms: vitamin D2 and vitamin
D3 [15]. Vitamin D3 is well recognized as a secosteroid hormone that regulates many cellular signaling
activities through its nuclear VITD receptor (VDR) in target cells [15]. Previous studies reported
that VITD treatment can protect cells and tissues from oxidative damage [16] and it has also been
found to prevent oxidative stress damage in DR in a high-glucose environment [17,18] and in diabetic
rats [19]. In addition, some polymorphisms in the VITD receptor gene are associated with increased
risk of DR [20–23] and VITD-deficient patients have increased risk of DR [24,25]. VITD also appears
to be beneficial in other retinopathies such as age-related macular degeneration (AMD) [26–28].
Therefore, VITD may be suggested as a useful candidate for diabetic patients to reduce the pathological
complications of diabetes. However, further research needs to be made to clarify the possible therapeutic
potential of VITD in the DR.

In the current study, we investigated the safety of VITD in adult retinal pigment epithelium
(ARPE-19) and human retinal endothelial (HREC) cell lines, focusing on its antioxidant and
anti-inflammatory effect on cell integrity, oxidative stress, and cytokines release. This study constitutes
an in vitro evaluation of the molecular pathways by which VITD might tackle the oxidative stress and
inflammation observed in patients suffering from retinal pathologies such as DR.

2. Materials and Methods

2.1. Expression of Genes Related to VITD Metabolism

Total RNA was isolated from cell lines using an ABI PRISM 6100 Nucleic Acid
PrepStation (Life Technologies, Carlsbad, CA, USA). Subsequently, the quantity and quality
of purified messenger RNA (mRNA) was checked using a NanoDrop spectrophotometer
(Nanodrop Technologies, Montchanin, DE, USA) at 260/280. Using the qScript cDNA Supermix
Kit (Quanta Biosciences, Inc., Gaithersburg, MD, USA), we reverse-transcribed 1000 ng of
each mRNA under the manufactured conditions. The primers of the relevant genes are as
follows: cytochrome P450 (CYP)27A1 (Unigene ID-Hs.516700, 5′-GGCAAGTACCCAGTACGG-3′

and 5′-AGCAAATAGCTTCCAAGG-3′), CYP27B1 (Unigene ID-Hs.524528, 5′-CACCTGACCC
ACTTCCTGTT-3′ and 5′-TCTGGGACACGAGAATTTCC-3′), CYP2R1 (Unigene ID-Hs.371427,
5′-AGAGACCCAGAAGTGTTCCAT-3′ and 5′-GTCTTTCAGCACAGATGAGGTA-3′), CYP24A1
(Unigene ID-Hs.89663, 5′-CCCACTAGCCACCTCGTACCAAC-3′ and 5′-CGTAGCCCTTCTTT
GCGGTAGTC-3′), VDR (Unigene ID-Hs.524368, 5′-CGCTCCAATGAGT CCTTCACC-3′and
5′-GCTTCATGCTGCACTCAGGC-3′), Cubilin (Unigene ID-Hs.166206, 5′-GCGGCTTCACTGC
TTCCTA-3′ and 5′-GAGTGATGGTGTGCCCTTGT-3′), Megalin (Unigene ID-Hs.657729, 5′-TAAGT
CAGTGCCCAACCTTT-3′and 5′-GCGGTTGTTCCTGGAG-3′). A 2720 Thermal Cycler (Life Technologies,
Gaithersburg, MD, USA) was used for amplification with the following protocol: 10 min at 95 ◦C,
40 cycles of 30 s at 95 ◦C, 1 min 58 ◦C, and extension of 45 s at 72 ◦C. Two housekeeping genes,
18S (Unigene ID-Hs.99999901_s1, and glyceraldehyde 3-phosphate dehydrogenase, GAPDH (Unigene
ID-Hs.99999905_m1), Life Technologies, Gaithersburg, MD, USA) were used as internal controls,
and 18S (5′-GTTGGTGGAGCGATTTGTCT-3′ and 5′-GGCCTCACTAAACCATCCAA-3′) was selected
as the best control.
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2.2. Cell Culture

Human retinal pigment epithelial cells, ARPE-19 (CRL-2302, ATCC, Manassas, VA, USA),
and human retinal endothelial cells, HREC (p10880, Innoprot, Vizcaya, Spain), were used. ARPE-19
cells (three passages) were grown to confluence (37 ◦C, 5% CO2) in Dulbecco’s modified Eagle’s
medium (DMEM; D6429, Sigma-Aldrich, St. Louis, MO, USA) containing 10% fetal bovine serum
(FBS; 10270106 Gibco ThermoFisher, Paisley, UK), 1% fungizone (Gibco, Carlsbad, CA, USA),
and penicillin–streptomycin (Gibco, Carlsbad, CA, USA). HREC cells were seeded in T75 flasks
(353136, Falcon, Corning Life Science, Tewksbury, MA, USA) covered with 1 mg/mL of fibronectin
(Innoprot, p8248, Vizcaya, Spain) and grown to confluence in a standard incubator at 37 ◦C under
humidified 5% CO2 conditions in Endothelial Cell Medium (Innoprot, p60104, Vizcaya, Spain)
containing 5% FBS (Innoprot, Vizcaya, Spain), 1% Endothelial Cell Grow Supplement (ECGS, Innoprot,
Vizcaya, Spain), and penicillin–streptomycin solution (Innoprot, Vizcaya, Spain).

2.3. Validation of the Cell Lines: Stable Phenotypic Characterization

To verify that ARPE-19 and HREC cells preserved their phenotype, we performed retinoid
isomerohydrolase RPE65 (RPE65) (1:100, 78036, Abcam, Cambridge, MA, USA) and caveolin
(1:250, 3238S, Cell Signaling, Danvers, MA, USA) staining by immunofluorescence. Briefly, 100,000
ARPE-19 and 50,000 HREC cells were seeded on a 10 mm dish (Menzel-Glaser, Waltham, MA, USA).
Cold methanol was used for cellular fixing. Afterward, cells were washed with 1% phosphate buffer
saline (PBS) and then incubated with blocking buffer containing 1% bovine serum albumin (BSA),
0.5% Triton X-100, 0.2% sodium azide, and 1% fetal bovine serum (FBS) for 1 h at 4 ◦C. Cells were
incubated with the primary antibodies, diluted in blocking buffer at 4 ◦C for 24 h, and washed once
more with PBS and then incubated with the secondary fluorescent antibodies goat anti-mouse 488
(1:250, A11029, Life technologies, Gaithersburg, MD, USA) and donkey anti-rabbit 488 (1:250, A21206,
Invitrogen, Carlsbad, CA, USA) for RPE65 marker diluted in blocking buffer during 1 h in the dark.
Nuclei were labelled with 4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St. Louis, MO, USA).
The morphology of cells was observed under an inverted phase-contrast microscope (Olympus CKX41,
Tokyo, Japan) and photographed by a digital camera, and fluorescent images were obtained using a
confocal microscope (LSM800, Zeiss, Oberkochen, Germany).

2.4. Treatments and Experimental Design: Oxidative Stress and Inflammation-Like Conditions

ARPE-19 and HREC cell lines were treated with VITD (1 nM; C9756-1G, Sigma-Aldrich, St. Louis,
MO, USA) for 1 h to test its effect on cells. To induce in vitro oxidative stress, we subjected cells to
H2O2 (1000 µM, Panreac, Barcelona, Spain) for 2 h. To evaluate the protective effect of VITD, we added
it (1 nM; Sigma-Aldrich, St. Louis, MO, USA) in concomitance 1 h before the end of the induction
time. Lipopolysaccharide (LPS; Sigma-Aldrich, St. Louis, MO, USA) was added for 24 h (20 µg/mL for
ARPE-19 and 50 µg/mL for HREC cells) to induce an inflammatory response, and then VITD (1 nM;
Sigma-Aldrich, St. Louis, MO, USA) was added to the supernatant for 1 h in concomitance.

2.5. Cell Structure and Integrity: Zonula Occludens (ZO)-1 Immunofluorescence and Western Blot

The effect of VITD on intercellular tight junction status was evaluated by zonula occludens-1 (ZO-1)
immunofluorescence. One-hundred thousand ARPE-19 cells per well were seeded on laminin-coated
polycarbonate membrane cell culture inserts (Corning Life Science, Tewksbury, MA, USA) and were
grown in 1% FBS-DMEM for 4 weeks. Immunofluorescence was then performed using a ZO-1 anti-rabbit
Alexa Fluor 594 antibody (1:100, 339194, Invitrogen-Life Technologies, Gaithersburg, MD, USA) diluted
in blocking buffer, following the same protocol described above. DAPI (4′,6-diamidino-2-phenylindole;
Sigma-Aldrich, St. Louis, MO, USA) was used to stain cell nuclei. Images were obtained with a laser
scanning confocal imaging system (LSM800, Zeiss, Oberkochen, Germany). H2O2 (1600 µM, Panreac,
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Barcelona, Spain) over 6 h was used as a positive control for oxidative stress conditions, and LPS
(20 µg/mL; L2880 Sigma-Aldrich, St. Louis, MO, USA) was used for 24 h for inflammatory conditions.

A total of 5 µg of ARPE-19 cell homogenates from three passages were mixed with NuPage (4x,
Bio-Rad, Hercules, CA, USA), boiled for 5 min, separated on 7% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) gels, and transferred onto a nitrocellulose membrane. After we blocked
them with 5% skimmed milk (w/v; Scharlau, Barcelona, Spain), 0.1% Tween-20 (w/v; Sigma-Aldrich,
St. Louis, MO, USA) in tris buffer saline (TBS) for 1 h at room temperature (RT), membranes were
exposed to the mouse monoclonal ZO-1 antibody (1:1000, #33-9100, Invitrogen, Carlsbad, CA, USA)
at RT for 1 h, followed by a horseradish peroxidase-conjugated goat anti-mouse antibody (sc-2005;
1:5000, 1 h, RT Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). Signal was detected with an
enhanced chemoluminescence (ECL) kit (ECL-Select, #RPN2235, GE Healthcare, Fairfield, CT, USA)
and images were captured with ImageQuant 400 (GE Healthcare). The relative intensities of the
immunoreactive bands were analyzed with ImageQuant TL (GE Healthcare, Fairfield, CT, USA).
The loading was verified by Ponceau S red and an anti-β-actin monoclonal antibody (1:10,000, 1 h, RT;
Sigma-Aldrich, St. Louis, MO, USA), followed by a goat anti-mouse antibody (sc-2005; 1:10,000, 5%
skimmed milk, 1 h, RT; Santa Cruz Biotechnology Inc., Santa Cruz, CA), and signal was detected using
ECL-Prime, #RPN2232 (GE Healthcare, Fairfield, CT, USA). Data are presented as absorbance units
(AU) ZO-1/β-actin (% vs. saline).

2.6. Assay to Detect Cell Apoptosis

Apoptosis in ARPE-19 and HREC was performed in cultured plates using an in situ cell death
detection kit with TMR Red according to the manufacturer’s instructions (#12156792910, Roche,
West Sussex, UK) and stored at 4 ◦C until analysis, with the apoptotic cells being labelled with
active caspase-3 antibody (1:100, G7481; Promega, Madison, Wisconsin, USA) using the protocol
mentioned above and incubated with the secondary fluorescent antibody donkey anti-rabbit 488
(A21206, Invitrogen). Nuclei were labelled with DAPI and images were obtained using a confocal
microscope (LSM800, Zeiss, Oberkochen, Germany). H2O2 (600 µM, Panreac, Barcelona, Spain) for 2 h
was used as positive control for oxidative stress conditions.

2.7. Viability/Toxicity Assay (MTT)

Cell viability/toxicity in ARPE-19 and HREC cell lines was determined by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay CellTiter 96 AQueous One Solution Cell
Proliferation Assay (Promega, Madison, WI, USA), following the manufacturer’s instructions. A total
of 10,000 ARPE-19 or HREC cells were grown until confluence in DMEM with 10% FBS onto 96-well
plates. Then, cells were cultivated for 1 additional week in serum-reduced medium (1% FBS-DMEM),
and VITD was added to the culture medium for 24 h at 1, 5, 10, and 50 nM doses.

2.8. Proliferation Assay (Bromodeoxyuridine, BrdU)

To examine the effect of VITD on ARPE-19 and HREC cell proliferation, we seeded 10,000 cells
onto 96-well plates. After 24 h, cells were exposed to VITD (1 nM) for 1 h and the Calbiochem BrdU
Cell Proliferation Assay (Calbiochem, La Jolla, CA, USA) was performed in accordance with the
manufacturer’s instructions.

2.9. Measurement of 8-Hydroxidioxiguanosine (8-OHdG) under Oxidative Stress Conditions

Oxidative damage was measured in ARPE-19 and HREC supernatants subjected to oxidative
stress conditions, as described above. To evaluate the effect of VITD, we added 1 nM to the media.
Supernatants (100 µL) were evaluated by using the Enzyme-Linked ImmunoSorbent Assay (ELISA) kit
#ab201734 (Abcam, Cambridge, MA, USA). Data are presented in nanograms per milliliter (ng/mL).
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2.10. Multiplex Cytokine Analysis under Inflammatory and Basal Conditions: Interleukin (IL)-1β, IL-6, IL-8,
IL-10, IL-12p70, and IL-18; Interferon (IFN)-γ; Monocyte Chemoattractant Protein (MCP)-1; and Tumor
Necrosis Factor (TNF)-α

The cytokine analysis for IL-1β, -6, -8, -10, -12p70, and -18; IFN-γ; MCP1; and TNF-α was made
using FirePlex Firefly (Abcam, Cambridge, MA, USA) particle multiplex immunoassay for Flow
Cytometry and Analysis Workbench, a software for multiplex protein expression assays from Abcam
Laboratories. Supernatants were used for this purpose and were measured under inflammatory
conditions as abovementioned. All cytokines are expressed in pictograms per milliliter (pg/mL),
with the exception of MCP-1 and IL-8, which were expressed in ng/mL.

2.11. Statistical Analysis

All parameters were subjected to analysis of the variance (ANOVA) test followed by the
Bonferroni post-hoc for multiple comparisons. A difference p < 0.05 was considered statistically
significant. GraphPad Prism 6.0 (GraphPad Prism Software Inc., San Diego, CA, USA) was used for
statistical analysis.

3. Results

3.1. Confirmation of VITD Receptor Expression in ARPE-19 and HREC Cell Lines

In this study, we demonstrated that ARPE-19 and HREC cell lines expressed the machinery
for vitamin D3 and could produce 1,25(OH)2D3. This is the first time that the expression of Vit
D3-synthesizing components has been reported in HREC cells.

We performed conventional polymerase chain reaction (PCR) experiments in order to determine
the expression of the following genes involved in VITD synthesis. ARPE-19 cell line highly expressed
the genes cytochrome P450 (CYP)2R1, CYP27B, and CYP24A and showed a low expression of vitamin
D receptor (VDR), CYP27A, and cubilin genes; however, they did not express the megalin gene. HREC
cell line highly expressed the genes CYP2R1 and CYP27B. HREC showed a lower expression of VDR,
CYP27A, cubilin, and megalin genes and did not express the CYP24A gene (Table 1). Ribosomal 18S was
used as an internal PCR control (Figure 1).

Table 1. Summary of the main vitamin D (VITD) synthesizing genes in human retinal pigment epithelial
cells (ARPE-19) and human retinal endothelial cells (HREC).

VDR CYP2R1 CYP27A CYP27B CYP24A Cubilin Megalin 18S

ARPE-19 ++ +++ ++ +++ +++ ++ − +++

HREC ++ +++ ++ +++ − ++ ++ +++

+++: high expression; ++: medium expression; −: no expression.
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Figure 1. Conventional PCR was carried out using total RNA extracted from ARPE-19 (lines 1 and 2) 
and HREC cells (line 3). We analyzed the gene expression of VDR, CYP27B1, CYP24A1, CYP27A1, 
CYP2R1, cubilin, and megalin. Ribosomal 18S was used as an internal PCR control. Results are 
representative of at least three independent experiments. Molecular sizes (base pairs [bp]): 18S (400), 
VDR (421), CYP27B1 (302), CYP24A1 (485), CYP27A1 (292), CYP2R1 (259), cubilin (518), and megalin 
(290). 

3.2. Validation of the Cell Lines: Stable Phenotypic Characterization 

We performed immunofluorescence for specific ARPE-19 and HREC cell lines’ markers. We 
used RPE65 protein (Abcam 78036) for ARPE-19 cells and caveolin protein (Cell Signalling 3238S) for 
HREC cells. No changes in the phenotypic characteristics were found, and the cells expressed all the 
selected markers (Figure 2). 

 

Figure 1. Conventional PCR was carried out using total RNA extracted from ARPE-19 (lines 1 and 2) and
HREC cells (line 3). We analyzed the gene expression of VDR, CYP27B1, CYP24A1, CYP27A1, CYP2R1,
cubilin, and megalin. Ribosomal 18S was used as an internal PCR control. Results are representative
of at least three independent experiments. Molecular sizes (base pairs [bp]): 18S (400), VDR (421),
CYP27B1 (302), CYP24A1 (485), CYP27A1 (292), CYP2R1 (259), cubilin (518), and megalin (290).

3.2. Validation of the Cell Lines: Stable Phenotypic Characterization

We performed immunofluorescence for specific ARPE-19 and HREC cell lines’ markers. We used
RPE65 protein (Abcam 78036) for ARPE-19 cells and caveolin protein (Cell Signalling 3238S) for HREC
cells. No changes in the phenotypic characteristics were found, and the cells expressed all the selected
markers (Figure 2).
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Figure 2. ARPE-19 and HREC cells’ phenotyping. Immunofluorescence of RPE65 (green) and caveolin
(green) for ARPE-19 and HREC cell lines’ labelling, respectively. Upper panel shows cells at bright-field
microscopy and down panel shows cells under fluorescence microscopy. Nuclei were labeled with
4′,6-diamidino-2-phenylindole (DAPI) (blue). Scale bar: 20 µm.
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3.3. Effect of VITD Addition on Cytoxicity and Proliferation

VITD at 1 nM and for 1 h did not show cytotoxic effects in ARPE-19 cells and HREC cells
(Figure 3A,B). Moreover, proliferation was not affected by VITD addition at 1 nM and 1 h of exposure
time (Figure 3C,D).
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Figure 3. Graphs showing 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (A,B)
and Bromodeoxyuridine (BrdU) (C,D) results for ARPE-19 (A,C) and HREC (B,D) cells treated with
different VITD concentrations (1, 5, 10, and 50 nM) for 1 h. Any VITD dose showed cytotoxic effects on
ARPE-19 cells compared to saline group. HREC showed significant alterations in MTT D50 compared
to the rest of the groups (* p < 0.05). ARPE-19 proliferation was statistically reduced (*** p < 0.001)
in the highest dose analyzed (50 nM) compared to saline and to all the remaining doses. HREC cells’
proliferation was not affected by any VITD dose.

VITD doses ranged from 1 to 50 nM for both cell types tested. All doses were safe for ARPE-19
cells at any time measured, and the highest dose used significantly reduced proliferation (p < 0.001).
HREC cells showed an increase in viability, with the highest vitamin D dose (p < 0.05) response being
in the highest dose at 50 nM. In addition, proliferation was reduced in ARPE-19 cells subjected to a
50 nM VITD dose. To be sure that the effects observed in the subsequent analysis were caused by
vitamin D itself and that they were not masked by deleterious effects on cell viability and proliferation,
we decided to use 1 nM of VITD, which did not affect proliferation and viability.

3.4. Effect of VITD Addition on Integrity and Apoptosis of Cells

ARPE-19 cells’ integrity was conserved after adding VITD at 1 nM. Hydrogen peroxide and LPS
induced an increase in tortuosity of the junction contacts in ARPE-19 cells that were stabilized in
oxidative and inflammatory conditions by the addition of VITD to the media (Figure 4).
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(green) immunofluorescence. VITD (1 nM, 1 h; (D)) did not affect ZO-1 structure compared to saline 
(A,G). Lipopolysaccharide (LPS) (B,H) and H2O2 (E,K) addition damaged tight junctions and 
concomitant incubation with VITD (1 nM, 1 h; (C,I) and (F,L)) restored the altered structure. (G–L) 

Figure 4. Integrity of ARPE-19 cells evaluated by zonula occludens-1 (ZO-1) (red) and caspase-3 (green)
immunofluorescence. VITD (1 nM, 1 h; (D)) did not affect ZO-1 structure compared to saline (A,G).
Lipopolysaccharide (LPS) (B,H) and H2O2 (E,K) addition damaged tight junctions and concomitant
incubation with VITD (1 nM, 1 h; (C,I) and (F,L)) restored the altered structure. (G–L) show the apical
junction in higher magnification. Caspase-3 was highly observed in the H2O2 group (E) compared to
saline (A) and VITD (D). VITD addition showed restoration, and caspase-3 activation was absent (F).
Nuclei were labeled with DAPI (blue). Scale bar: 20 µm. Densitometry of ZO-1 expression in ARPE-19
cells under oxidative stress (M) and inflammatory (N) conditions. Although a tendency to reduce the
ZO-1 expression was observed, no statistical differences were found. VITD restored values similar to
saline group. n = 3.
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LPS and H2O2 addition showed a tendency to reduce ZO-1 expression, although that difference
was not significant. Moreover, the supplementation with VITD partly increased the ZO-1 expression,
but this result did not reach statistical significance.

Early (caspase-3, Figure 4) and late (TDT- mediated dUTP-biotin nick end-labeling, TUNEL,
Figure 5) apoptosis markers revealed that VITD (1 nM) addition did not affect cell death processes.
After inflammatory and oxidative induction, ARPE-19 cells and HREC cells showed alterations and
an increase labelling for both markers. VITD (1 nM) addition was able to restore those alterations
(Figure 5).
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Figure 5. Late apoptosis measured in ARPE-19 (A–D) and HREC (E–H) cells by TDT- mediated
dUTP-biotin nick end-labeling (TUNEL) and analyzed by fluorescence. TUNEL-positive ARPE-19 and
HREC cells were observed after H2O2 stimulation (2 h; (B,F)) compared to saline (A,E). VITD (1 nM,
1 h; (C,G)) showed similar results to saline groups for both cell types. VITD, in concomitance with
H2O2 (1 h; (D,H)), showed a reduction in altered nuclei, especially in ARPE-19 cells (D), and absence
of TUNEL labeling. Nuclei were labeled with DAPI (blue). Scale bar: 20 µm.

3.5. Antioxidative and Anti-Inflammatory Properties of VITD Addition

Figure 6 shows that oxidative stress induction by H2O2 significantly (p < 0.001) increased
8-OHdG in supernatants from ARPE-19 cells. VITD alone did not modify oxidative damage
compared to saline. VITD was able to significantly (p < 0.001) reduce 8-OHdG production under
oxidative-induced conditions.

Figure 7 shows that LPS induction increased IL-8, IFN-γ, IL-1β, MCP-1, TNF-α, IL-10, IL-18,
IL-6, and IL-12p70 in ARPE-19 cells. Under inflammatory conditions, VITD was able to significantly
(p < 0.05) reduce IL-8, IFN-γ, MCP-1, TNF-α, and IL-6.
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Figure 7. Multiplex inflammatory cytokine array in ARPE-19 cells. All inflammatory cytokine levels
were increased by adding LPS (* p < 0.05), and Interleukin (IL)-8, Interferon (IFN)-γ, Monocyte
chemoattractant protein (MCP)-1, Tumor necrosis factor (TNF)-α, and IL-6 levels were reduced
(* p < 0.05) with the addition of VITD in concomitance. n = 3.

HREC cells subjected to LPS induction showed an increase in IL-8, IFN-γ, IL-1β, MCP-1, IL-10,
IL-6, and IL-12p70 cytokines. VITD significantly (p < 0.05) decreased IL-8, IFN-γ, IL-1β, MCP-1, TNF-α,
IL-6, and IL-12p70 under inflammatory conditions in HREC cells (Figure 8).
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4. Discussion

The present study shows that damage observed in human retinal pigmented epithelium (RPE)
and retinal endothelium cells under oxidative and inflammatory conditions were restored by the
addition of VITD to the media. More specifically, induced inflammatory cytokine levels, early and late
apoptosis, and oxidative stress markers were reduced back to control levels. This result suggests that
VITD could be a useful candidate in modulating the chronic low-grade inflammation and oxidative
stress responsible for the complications in retinal pathologies involving RPE and endothelial cells.

It is well established that glycemic control is an effective management to lower the incidence of
complications such as DR. However, even an intensive glycemic control is not sufficient to prevent
diabetic microvascular pathologies in all patients [4], and hyperglycemia on its own is not sufficient
to trigger widespread diabetic microvascular pathologies in all patients [29–31]. Diabetic patients
with an initial poor glycemic control have persistent higher incidence of diabetic complications after
glucose normalization, a phenomenon described as metabolic memory, suggesting that oxidative
stress, non-enzymatic glycation of proteins, epigenetic changes, and chronic inflammation may play a
major role in the development and progression of diabetic microvascular complications [32,33] such as
diabetic kidney disease [34–36], diabetic polyneuropathy [37,38], and DR [9–11,14]. VITD deficiency is
related to a higher risk of DR in type 1 and 2 diabetes mellitus [24,39]. Apart from its role in tissues
related to calcium homeostasis [40], high levels of VDR are also present in inflammatory cells such as
dendritic cells, macrophages, T-cells, and B-cells, thus supporting the fact that VITD may have a role in
inflammatory and immune responses [41].
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25-Hydroxylase (encoded by the CYP27A1 and CYP2R1 genes), a cytochrome P450 enzyme,
catalyzes the formation of vitamin D3 to 25-hydroxyvitamin D3 (25(OH)D3), the main circulating VITD
metabolite, and then 25(OH)D3 is converted to 1,25-dihydroxyvitamin D3 (1,25[OH]2D3), the most
active form by the enzyme 1 alpha-hydroxylase (encoded by the CYP27B1 gene). 1,25[OH]2D3 is
inactivated by 24-hydroxylase (encoded by the CYP24A1 gene) [42]. Megalin and cubilin, endocytic
receptors in the cell membrane, allow the internalization of 25(OH)D3 and 1,25[OH]2D3 into the
cell [43]. We demonstrated that the ARPE-19 cell line highly expressed CYP2R1, CYP27B, and CYP24A
genes and showed a low expression of CYP27A and cubilin genes; however, they did not express the
megalin gene. The HREC cell line highly expressed the CYP2R1 and CYP27B genes. HREC showed a
lower expression of VDR, CYP27A, cubilin, and megalin genes and did not express the CYP24A gene.
This is the first time that the machinery for VITD internalization and metabolization is reported in
HREC cells. A recent study reported that VITD treatment enhanced VDR expression in ARPE-19 cells
treated with H2O2 [27].

The antioxidant role of vitamin D has been demonstrated in many other micro-environments
in the body, especially in the context of diabetes or obesity, including the liver [44], the kidney
filtration [45], the heart [46], the hippocampus [47], and the adipose tissue [48], among others. Recently,
it has been discovered that vitamin D is not only produced systemically at the renal level, but that
extrarenal production is also important. In the eye, there are several tissues in which local production
of 1.25(OH)2D3 has been demonstrated, including the sclera, corneal endothelium, ciliary body
epithelium, and pigment epithelium, with the corneal endothelium being the eye tissue with the
highest conversion rate [49]. We did not find studies focused on the permeability of the retinal blood
barrier to VITD; however, it has been demonstrated that the retinal blood barrier has a high permeability
to lipophilic substances [50] and also, oral supplemented vitamin D increases the concentration in
aqueous humor and tears [49]. To better understand the effect of VITD in the retina, ARPE-19 and
HREC cells were subjected to oxidative stress and inflammatory conditions that provoked alterations in
tight junctions and also apoptotic signs. Some studies have suggested that VITD can protect against the
deleterious effects of reactive oxygen species (ROS), free radicals generated during physiological energy
production in the mitochondria [51], therefore improving cell viability in ARPE-19 cells [27] and various
tissues [16,52–54]. In line with these observations, we demonstrated that H2O2 and LPS induced the
alteration and partial loss of tight junction protein organization (i.e., tortuosity and cytosol localization)
in ARPE-19 cells and were restored in oxidative and inflammatory conditions by the addition of VITD
to the media. However, results observed in protein expression did not show significant differences in
the amount of ZO-1. This phenomenon has been also described by other authors, observing that ZO-1
remains localized in junction despite loss of tight junction protein organization by oxidative stress [55],
as observed also in our immunofluorescence images. Inflammatory conditions showed a similar
behavior on tight junctions, and their expression was not modified but the organization was altered.
VITD addition restored morphological alterations observed in immunofluorescence. The increased
early and late apoptosis under oxidative stress and inflammatory conditions was also restored by
addition of VITD in ARPE-19 and HREC cells, in concordance with other studies after H2O2 [27] and
after high-glucose-induced oxidative stress and inflammation [17].

A recent study showed that VITD treatment also upregulated the expression of antioxidant genes
(catalase, CAT; superoxide dismutase SOD1 and SOD2; Glutathione peroxidase GPX2 and GPX3) in ARPE-19
cells under similar stress conditions [27]. Accordingly, we found that H2O2-treated ARPE-19 cells had
significantly increased oxidative stress, and VITD exposure counteracted this 8-OHdG production
under oxidative-induced conditions. Other authors showed that increased ROS production and lipid
peroxidation downregulated expression of antioxidant genes, and decreased activities of SOD and
catalase induced in high glucose-treated ARPE-19 cells was counteracted by VITD exposure [17].

In addition to oxidative stress, the levels of proinflammatory proteins such as MCP-1, IL-1β,
IL-6, IL-8, and TNF-α influence the development of DR [56,57], and increased aqueous concentration
of those molecules in eyes with severe non-proliferative DR suggests that inflammatory changes
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precede the development of neovascularization [58,59]. Endothelial damage is also linked to increased
leukocyte adhesion that is explained by the overexpression of endothelial adhesion molecules such
as Intercellular adhesion molecule (ICAM)-1, Vascular cell adhesion molecule (VCAM)-1, Platelet
endothelial cell adhesion molecule (PECAM)-1, and P-selectin [59,60]. Vascular endothelial growth
factor (VEGF) also alters adherens and tight junctional proteins between the endothelial cells [61,62],
favoring the infiltration of leukocytes into the retina. This complex of inflammatory events leads to
blood–retinal barrier breakdown and with it some of the vision threatening complications such as
macular edema. Directly or indirectly VITD regulate over 200 genes involved in cellular proliferation,
differentiation, apoptosis, angiogenesis, and inflammation [63]. VITD have shown to prevent, slow the
progression of, ameliorate inflammation markers of, or decrease the severity of many immune-related
disorders such diabetes mellitus [64,65]. In our study, all the inflammatory cytokines investigated
were upregulated under inflammatory conditions. TNF-α did not result in a statistically significant
elevation after LPS induction in HREC cells, probably due to the dispersion observed in control
samples. Herein, we observed that the addition of VITD to the media downregulated levels of IL-6,
IL-8, MCP-1, IFN-γ, and TNF-α in retinal epithelial cells, as also shown by other authors in ARPE-19
cells [66,67]. These results suggest that VITD can control the broad inflammatory spectrum studied
that is present in non-proliferative DR, indicating a clear anti-inflammatory response. In the case
of retinal endothelial cells, similar results were observed, with the exception of TNF-α that were
unmodified and IL-18 and IL-12p70 that were also downregulated. Elevated levels of IL1-β and IL18
have been demonstrated in streptozotocin (STZ)-induced diabetic rats [68]. Similarly, serum IL-18
levels have also been reported to be elevated in type 1 diabetic patients, half of which had a form of
DR [68]. IL-1β, IL-18, and IL-1α have pro-inflammatory actions, and in the case of IL-18, a role in
angiogenesis [69]. The inflammasome is an oligomer protein complex that triggers the secretion of
IL-1β and IL-18 into the extracellular space [70]. Interestingly, the inflammasome has been particularly
related to the neovascular pathology occurring in proliferative DR (PDR) [71,72]. While the major
pro-inflammatory cytokines such as IL-6, TNF-α, and IFN-γ could be detected both in non-PDR and in
PDR eyes, inflammasome-related cytokine, IL-18, and caspase-1 were particularly increased in the eyes
of PDR patients [72]. In our study, IL-18 levels were effectively reduced by VITD in endothelial cells,
but not in RPE cells, suggesting a main antiangiogenic role under inflammatory conditions. Moreover,
the primary leukocyte populations found in the retina during disease are microglia and macrophages,
and it is well known that the activation of the inflammasome is an important mechanism by which
these cells cause damage in retinal degenerations. VITD could help to reduce macrophage recruiting
by reducing MCP1 levels.

Analyzing the secretome in ARPE-19 cells, researchers found that adding TNF-α to the media
regulated different proteins secreted by the RPE, which play a critical role in extracellular matrix
remodeling, complement network, and angiogenesis [73]. Thus, VITD supplementation could contribute
to reduce those effects. A mixture of IFN-γ, TNF-α, and IL-1β has been shown to decrease the expression
of specific genes that play an important role in processes, such as visual cycle, epithelial morphology,
melanogenesis, and phagocytosis, in cultured ARPE-19 cells [74]. Therefore, downregulation of those
levels by VITD may potentially contribute to restore the RPE dysfunction implicated in retinal diseases,
including DR [75,76]. It has been demonstrated that a higher secretion of IL-10 would be a protective
factor against the development of proliferative DR (PDR) when proinflammatory cytokines, such as
IL-1β, are elevated, as shown in vitreous of PDR patients [77]. In our study, VITD maintained high
IL-10 levels, suggesting a possible contribution to an anti-inflammatory environment that must be
investigated deeply. Surprisingly, in contrast to other authors [17], IL-1β was not reduced by VITD
addition. The bioactive IL12p70 molecule is primarily produced by monocytes, macrophages, dendritic
cells, and B-cells. The main functions of IL-12 include the promotion of IFN-γ production from natural
killer in cell-mediated immunity [78]. IL-10 is a major inhibitor of IL-12 production by decreasing
Nuclear factor κB (NF-κB) and activator protein 1 (AP-1) activation and the association of IL-12p40
promoter with RNA polymerase [78].
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Consistent with the anti-inflammation and anti-oxidation role, our results suggested that VITD
effectively downregulated in vitro the production of targeted cytokines in DR-related stimuli, suggesting
that VITD could block retinal inflammation and oxidative stress associated with DR. Retinal pathologies
such as DR are complex diseases with several and different processes involved. We evaluated the
effect of vitamin D as an option to restore or to help with the damage provoked by oxidative stress
and inflammation. However, different therapies could target multiple steps of oxidative stress for the
prevention of this multifactorial blinding complication of diabetes. Santos et al. revised therapies
with vitamins and supplements used to treat diabetic retinopathy, and there are various strategies in
order to prevent superoxide accumulation, maintain mitochondrial homeostasis, or protect against
DNA damage [79]. Other molecules could also be beneficial, even in combination with vitamin D.
Although promising, one of the main limitations of this research is the use of an immortalized cell
line in which some transcription alterations are produced. Therefore, the results obtained need to be
confirmed in primary cells and in experimental in vivo models of retinopathy. Whether these results
can be replicated in in vivo models of DR and clinical trials remains to be elucidated.

5. Conclusions

In summary, VITD could play a role in the protection of the retina and RPE from oxidative
stress, inflammation, and apoptosis through the suppression of pro-inflammatory mediators and by
enhancing the antioxidant defense capacity. Taking into consideration all the results we have observed,
VITD could be a useful candidate in modulating the chronic low-grade inflammation and oxidative
stress responsible for the complications in DR. However, further preclinical in vivo tests and DR patient
clinical trials are needed to verify the therapeutic potential of VITD.

Author Contributions: Conceptualization, P.F.-R., S.R., M.H. and A.G.-L.; data curation, J.B.; funding acquisition,
P.F.-R. and A.G.-L.; investigation, S.R. and J.B.; methodology, S.R. and M.H.; project administration, P.F.-R.;
supervision, P.F.-R., S.R. and M.H.; visualization, P.F.-R., J.B. and M.H.; writing—original draft, P.F.-R., J.G.-Z. and
V.B.-M.; writing—review and editing, P.F.-R., S.R., V.B.-M., M.H. and A.G.-L. All authors have read and agreed to
the published version of the manuscript.

Funding: The present work was partially funded by Thea Laboratoires, Fundación Jesús de Gangoiti Barrera,
and partially supported by RETICS (RD16/0008) from ISCIII, Ministerio de Economía y Competitividad, Spain.

Acknowledgments: The authors want to acknowledge Idoia Belza Zuazu and Maite Moreno Orduña for their
excellent technical assistance.

Conflicts of Interest: A.G.-L. is a consultant for Bayer, Novartis, Allergan, Thea, and Roche. The rest of the
authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.

References

1. Yau, J.W.Y.; Rogers, S.L.; Kawasaki, R.; Lamoureux, E.L.; Kowalski, J.W.; Bek, T.; Chen, S.-J.; Dekker, J.M.;
Fletcher, A.; Grauslund, J.; et al. Global Prevalence and Major Risk Factors of Diabetic Retinopathy.
Diabetes Care 2012, 35, 556–564. [CrossRef] [PubMed]

2. Stratton, I.M. Association of glycaemia with macrovascular and microvascular complications of type 2
diabetes (UKPDS 35): Prospective observational study. BMJ 2000, 321, 405–412. [CrossRef] [PubMed]

3. The ACCORD Study Group and ACCORD Eye Study Group Effects of Medical Therapies on Retinopathy
Progression in Type 2 Diabetes. N. Engl. J. Med. 2010, 363, 233–244. [CrossRef] [PubMed]

4. The Effect of Intensive Treatment of Diabetes on the Development and Progression of Long-Term
Complications in Insulin-Dependent Diabetes Mellitus. N. Engl. J. Med. 1993, 329, 977–986. [CrossRef]
[PubMed]

5. Lorenzi, M. The polyol pathway as a mechanism for diabetic retinopathy: Attractive, elusive, and resilient.
Exp. Diabetes Res. 2007, 2007, 61038. [CrossRef] [PubMed]

6. Stitt, A.W. The role of advanced glycation in the pathogenesis of diabetic retinopathy. Exp. Mol. Pathol. 2003,
75, 95–108. [CrossRef]

http://dx.doi.org/10.2337/dc11-1909
http://www.ncbi.nlm.nih.gov/pubmed/22301125
http://dx.doi.org/10.1136/bmj.321.7258.405
http://www.ncbi.nlm.nih.gov/pubmed/10938048
http://dx.doi.org/10.1056/NEJMoa1001288
http://www.ncbi.nlm.nih.gov/pubmed/20587587
http://dx.doi.org/10.1056/NEJM199309303291401
http://www.ncbi.nlm.nih.gov/pubmed/8366922
http://dx.doi.org/10.1155/2007/61038
http://www.ncbi.nlm.nih.gov/pubmed/18224243
http://dx.doi.org/10.1016/S0014-4800(03)00035-2


Antioxidants 2020, 9, 838 15 of 18

7. Donnelly, R.; Idris, I.; Forrester, J.V. Protein kinase C inhibition and diabetic retinopathy: A shot in the dark
at translational research. Br. J. Ophthalmol. 2004, 88, 145–151. [CrossRef]

8. Madsen-Bouterse, S.A.; Kowluru, R.A. Oxidative stress and diabetic retinopathy: Pathophysiological
mechanisms and treatment perspectives. Rev. Endocr. Metab. Disord. 2008, 9, 315–327. [CrossRef]

9. Calderon, G.D.; Juarez, O.H.; Hernandez, G.E.; Punzo, S.M.; De la Cruz, Z.D. Oxidative stress and diabetic
retinopathy: Development and treatment. Eye 2017, 31, 1122–1130. [CrossRef]

10. Cecilia, O.-M.; José Alberto, C.-G.; José, N.-P.; Ernesto Germán, C.-M.; Ana Karen, L.-C.; Luis Miguel, R.-P.;
Ricardo Raúl, R.-R.; Adolfo Daniel, R.-C. Oxidative Stress as the Main Target in Diabetic Retinopathy
Pathophysiology. J. Diabetes Res. 2019, 2019, 1–21. [CrossRef]

11. Li, C.; Miao, X.; Li, F.; Wang, S.; Liu, Q.; Wang, Y.; Sun, J. Oxidative Stress-Related Mechanisms and
Antioxidant Therapy in Diabetic Retinopathy. Oxid. Med. Cell. Longev. 2017, 2017, 1–15. [CrossRef]
[PubMed]

12. Yaribeygi, H.; Sathyapalan, T.; Atkin, S.L.; Sahebkar, A. Molecular Mechanisms Linking Oxidative Stress and
Diabetes Mellitus. Oxid. Med. Cell. Longev. 2020, 2020, 8609213. [CrossRef] [PubMed]

13. Mesquida, M.; Drawnel, F.; Fauser, S. The role of inflammation in diabetic eye disease. Semin. Immunopathol.
2019, 41, 427–445. [CrossRef] [PubMed]

14. Abu El-Asrar, A. Role of inflammation in the pathogenesis of diabetic retinopathy. Middle East Afr.
J. Ophthalmol. 2012, 19, 70. [CrossRef]

15. Bikle, D.D. Vitamin D Metabolism, Mechanism of Action, and Clinical Applications. Chem. Biol. 2014, 21,
319–329. [CrossRef]

16. Hamden, K.; Carreau, S.; Jamoussi, K.; Miladi, S.; Lajmi, S.; Aloulou, D.; Ayadi, F.; Elfeki, A.
1α,25 Dihydroxyvitamin D3: Therapeutic and Preventive Effects against Oxidative Stress, Hepatic, Pancreatic
and Renal Injury in Alloxan-Induced Diabetes in Rats. J. Nutr. Sci. Vitaminol. 2009, 55, 215–222. [CrossRef]

17. Tohari, A.M.; Almarhoun, M.; Alhasani, R.H.; Biswas, L.; Zhou, X.; Reilly, J.; Zeng, Z.; Shu, X. Protection by
vitamin D against high-glucose-induced damage in retinal pigment epithelial cells. Exp. Cell Res. 2020, 392,
112023. [CrossRef]

18. Lu, L.; Lu, Q.; Chen, W.; Li, J.; Li, C.; Zheng, Z. Vitamin D 3 Protects against Diabetic Retinopathy by Inhibiting
High-Glucose-Induced Activation of the ROS/TXNIP/NLRP3 Inflammasome Pathway. J. Diabetes Res. 2018,
2018, 8193523. [CrossRef]

19. Alatawi, F.S.; Faridi, U.A.; Alatawi, M.S. Effect of treatment with vitamin D plus calcium on oxidative stress
in streptozotocin-induced diabetic rats. Saudi Pharm. J. 2018, 26, 1208–1213. [CrossRef]

20. Cyganek, K.; Mirkiewicz-Sieradzka, B.; Malecki, M.T.; Wolkow, P.; Skupien, J.; Bobrek, J.; Czogala, M.;
Klupa, T.; Sieradzki, J. Clinical risk factors and the role of VDR gene polymorphisms in diabetic retinopathy
in Polish type 2 diabetes patients. Acta Diabetol. 2006, 43, 114–119. [CrossRef]

21. Zhong, X.; Du, Y.; Lei, Y.; Liu, N.; Guo, Y.; Pan, T. Effects of vitamin D receptor gene polymorphism and
clinical characteristics on risk of diabetic retinopathy in Han Chinese type 2 diabetes patients. Gene 2015, 566,
212–216. [CrossRef] [PubMed]

22. Taverna, M.J.; Sola, A.; Guyot-Argenton, C.; Pacher, N.; Bruzzo, F.; Slama, G.; Reach, G.; Selam, J.-L. Taq I
polymorphism of the vitamin D receptor and risk of severe diabetic retinopathy. Diabetologia 2002, 45,
436–442. [CrossRef] [PubMed]

23. Taverna, M.J.; Selam, J.-L.; Slama, G. Association between a Protein Polymorphism in the Start Codon of the
Vitamin D Receptor Gene and Severe Diabetic Retinopathy in C-Peptide-Negative Type 1 Diabetes. J. Clin.
Endocrinol. Metab. 2005, 90, 4803–4808. [CrossRef] [PubMed]

24. Afarid, M.; Ghattavi, N.; Karim Johari, M. Serum Levels of Vitamin D in Diabetic Patients with and without
Retinopathy. J. Ophthalmic Vis. Res. 2020. [CrossRef] [PubMed]

25. Ashinne, B.; Rajalakshmi, R.; Anjana, R.M.; Narayan, K.M.V.; Jayashri, R.; Mohan, V.; Hendrick, A.M.
Association of serum vitamin D levels and diabetic retinopathy in Asian Indians with type 2 diabetes.
Diabetes Res. Clin. Pract. 2018, 139, 308–313. [CrossRef]

26. Wu, W.; Weng, Y.; Guo, X.; Feng, L.; Xia, H.; Jiang, Z.; Lou, J. The Association between Serum Vitamin D
Levels and Age-Related Macular Degeneration: A Systematic Meta-Analytic Review. Investig. Opthalmol.
Vis. Sci. 2016, 57, 2168. [CrossRef]

27. Tohari, A.M.; Alhasani, R.H.; Biswas, L.; Patnaik, S.R.; Reilly, J.; Zeng, Z.; Shu, X. Vitamin D Attenuates
Oxidative Damage and Inflammation in Retinal Pigment Epithelial Cells. Antioxidants 2019, 8, 341. [CrossRef]

http://dx.doi.org/10.1136/bjo.88.1.145
http://dx.doi.org/10.1007/s11154-008-9090-4
http://dx.doi.org/10.1038/eye.2017.64
http://dx.doi.org/10.1155/2019/8562408
http://dx.doi.org/10.1155/2017/9702820
http://www.ncbi.nlm.nih.gov/pubmed/28265339
http://dx.doi.org/10.1155/2020/8609213
http://www.ncbi.nlm.nih.gov/pubmed/32215179
http://dx.doi.org/10.1007/s00281-019-00750-7
http://www.ncbi.nlm.nih.gov/pubmed/31175392
http://dx.doi.org/10.4103/0974-9233.92118
http://dx.doi.org/10.1016/j.chembiol.2013.12.016
http://dx.doi.org/10.3177/jnsv.55.215
http://dx.doi.org/10.1016/j.yexcr.2020.112023
http://dx.doi.org/10.1155/2018/8193523
http://dx.doi.org/10.1016/j.jsps.2018.07.012
http://dx.doi.org/10.1007/s00592-006-0225-3
http://dx.doi.org/10.1016/j.gene.2015.04.045
http://www.ncbi.nlm.nih.gov/pubmed/25899017
http://dx.doi.org/10.1007/s00125-001-0769-2
http://www.ncbi.nlm.nih.gov/pubmed/11914750
http://dx.doi.org/10.1210/jc.2004-2407
http://www.ncbi.nlm.nih.gov/pubmed/15899948
http://dx.doi.org/10.18502/jovr.v15i2.6734
http://www.ncbi.nlm.nih.gov/pubmed/32308951
http://dx.doi.org/10.1016/j.diabres.2018.02.040
http://dx.doi.org/10.1167/iovs.15-18218
http://dx.doi.org/10.3390/antiox8090341


Antioxidants 2020, 9, 838 16 of 18

28. Layana, A.; Minnella, A.; Garhöfer, G.; Aslam, T.; Holz, F.; Leys, A.; Silva, R.; Delcourt, C.; Souied, E.;
Seddon, J. Vitamin D and Age-Related Macular Degeneration. Nutrients 2017, 9, 1120. [CrossRef]

29. Sun, J.K.; Keenan, H.A.; Cavallerano, J.D.; Asztalos, B.F.; Schaefer, E.J.; Sell, D.R.; Strauch, C.M.; Monnier, V.M.;
Doria, A.; Aiello, L.P.; et al. Protection From Retinopathy and Other Complications in Patients With Type 1
Diabetes of Extreme Duration: The Joslin 50-Year Medalist Study. Diabetes Care 2011, 34, 968–974. [CrossRef]

30. Keenan, H.A.; Costacou, T.; Sun, J.K.; Doria, A.; Cavellerano, J.; Coney, J.; Orchard, T.J.; Aiello, L.P.; King, G.L.
Clinical Factors Associated With Resistance to Microvascular Complications in Diabetic Patients of Extreme
Disease Duration: The 50-year Medalist Study. Diabetes Care 2007, 30, 1995–1997. [CrossRef]

31. Barrett, E.J.; Liu, Z.; Khamaisi, M.; King, G.L.; Klein, R.; Klein, B.E.K.; Hughes, T.M.; Craft, S.; Freedman, B.I.;
Bowden, D.W.; et al. Diabetic Microvascular Disease: An Endocrine Society Scientific Statement. J. Clin.
Endocrinol. Metab. 2017, 102, 4343–4410. [CrossRef] [PubMed]

32. Testa, R.; Bonfigli, A.R.; Prattichizzo, F.; La Sala, L.; De Nigris, V.; Ceriello, A. The “Metabolic Memory”
Theory and the Early Treatment of Hyperglycemia in Prevention of Diabetic Complications. Nutrients 2017,
9, 437. [CrossRef] [PubMed]

33. Voronova, V.; Zhudenkov, K.; Helmlinger, G.; Peskov, K. Interpretation of metabolic memory phenomenon
using a physiological systems model: What drives oxidative stress following glucose normalization?
PLoS ONE 2017, 12, e0171781. [CrossRef] [PubMed]

34. Jha, J.C.; Ho, F.; Dan, C.; Jandeleit-Dahm, K. A causal link between oxidative stress and inflammation in
cardiovascular and renal complications of diabetes. Clin. Sci. 2018, 132, 1811–1836. [CrossRef]

35. Aghadavod, E.; Khodadadi, S.; Baradaran, A.; Nasri, P.; Bahmani, M.; Rafieian-Kopaei, M. Role of Oxidative
Stress and Inflammatory Factors in Diabetic Kidney Disease. Iran. J. Kidney Dis. 2016, 10, 337–343. [PubMed]

36. Jha, J.C.; Banal, C.; Chow, B.S.M.; Cooper, M.E.; Jandeleit-Dahm, K. Diabetes and Kidney Disease: Role of
Oxidative Stress. Antioxid. Redox Signal. 2016, 25, 657–684. [CrossRef] [PubMed]

37. Sifuentes-Franco, S.; Pacheco-Moisés, F.P.; Rodríguez-Carrizalez, A.D.; Miranda-Díaz, A.G. The Role of
Oxidative Stress, Mitochondrial Function, and Autophagy in Diabetic Polyneuropathy. J. Diabetes Res. 2017,
2017, 1–15. [CrossRef]

38. Liyanagamage, D.S.N.K.; Martinus, R.D. Role of Mitochondrial Stress Protein HSP60 in Diabetes-Induced
Neuroinflammation. Mediators Inflamm. 2020, 2020, 8073516. [CrossRef]

39. Ahmed, L.H.M.; Butler, A.E.; Dargham, S.R.; Latif, A.; Robay, A.; Chidiac, O.M.; Jayyousi, A.; Al Suwaidi, J.;
Crystal, R.G.; Atkin, S.L.; et al. Association of vitamin D2 and D3 with type 2 diabetes complications.
BMC Endocr. Disord. 2020, 20, 65. [CrossRef]

40. Tagliaferri, S.; Porri, D.; De Giuseppe, R.; Manuelli, M.; Alessio, F.; Cena, H. The controversial role of vitamin
D as an antioxidant: Results from randomised controlled trials. Nutr. Res. Rev. 2019, 32, 99–105. [CrossRef]

41. Veldman, C.M.; Cantorna, M.T.; DeLuca, H.F. Expression of 1,25-dihydroxyvitamin D(3) receptor in the
immune system. Arch. Biochem. Biophys. 2000, 374, 334–338. [CrossRef] [PubMed]

42. Christakos, S.; Ajibade, D.V.; Dhawan, P.; Fechner, A.J.; Mady, L.J. Vitamin D: Metabolism. Endocrinol. Metab.
Clin. N. Am. 2010, 39, 243–253. [CrossRef]

43. Christensen, E.I.; Birn, H. Megalin and cubilin: Multifunctional endocytic receptors. Nat. Rev. Mol. Cell Biol.
2002, 3, 258–267. [CrossRef] [PubMed]

44. Labudzynskyi, D.O.; Zaitseva, O.V.; Latyshko, N.V.; Gudkova, O.O.; Veliky, M.M. Vitamin D3 contribution
to the regulation of oxidative metabolism in the liver of diabetic mice. Ukr. Biochem. J. 2015, 87, 75–90.
[CrossRef] [PubMed]

45. Kono, K.; Fujii, H.; Nakai, K.; Goto, S.; Kitazawa, R.; Kitazawa, S.; Shinohara, M.; Hirata, M.; Fukagawa, M.;
Nishi, S. Anti-oxidative effect of vitamin D analog on incipient vascular lesion in non-obese type 2 diabetic
rats. Am. J. Nephrol. 2013, 37, 167–174. [CrossRef]

46. Farhangi, M.A.; Nameni, G.; Hajiluian, G.; Mesgari-Abbasi, M. Cardiac tissue oxidative stress and
inflammation after vitamin D administrations in high fat-diet induced obese rats. BMC Cardiovasc. Disord.
2017, 17, 161. [CrossRef]

47. Hajiluian, G.; Abbasalizad Farhangi, M.; Nameni, G.; Shahabi, P.; Megari-Abbasi, M. Oxidative stress-induced
cognitive impairment in obesity can be reversed by vitamin D administration in rats. Nutr. Neurosci. 2018,
21, 744–752. [CrossRef]

48. Farhangi, M.A.; Mesgari-Abbasi, M.; Hajiluian, G.; Nameni, G.; Shahabi, P. Adipose Tissue Inflammation
and Oxidative Stress: The Ameliorative Effects of Vitamin D. Inflammation 2017, 40, 1688–1697. [CrossRef]

http://dx.doi.org/10.3390/nu9101120
http://dx.doi.org/10.2337/dc10-1675
http://dx.doi.org/10.2337/dc06-2222
http://dx.doi.org/10.1210/jc.2017-01922
http://www.ncbi.nlm.nih.gov/pubmed/29126250
http://dx.doi.org/10.3390/nu9050437
http://www.ncbi.nlm.nih.gov/pubmed/28452927
http://dx.doi.org/10.1371/journal.pone.0171781
http://www.ncbi.nlm.nih.gov/pubmed/28178319
http://dx.doi.org/10.1042/CS20171459
http://www.ncbi.nlm.nih.gov/pubmed/27903991
http://dx.doi.org/10.1089/ars.2016.6664
http://www.ncbi.nlm.nih.gov/pubmed/26906673
http://dx.doi.org/10.1155/2017/1673081
http://dx.doi.org/10.1155/2020/8073516
http://dx.doi.org/10.1186/s12902-020-00549-w
http://dx.doi.org/10.1017/S0954422418000197
http://dx.doi.org/10.1006/abbi.1999.1605
http://www.ncbi.nlm.nih.gov/pubmed/10666315
http://dx.doi.org/10.1016/j.ecl.2010.02.002
http://dx.doi.org/10.1038/nrm778
http://www.ncbi.nlm.nih.gov/pubmed/11994745
http://dx.doi.org/10.15407/ubj87.03.075
http://www.ncbi.nlm.nih.gov/pubmed/26502702
http://dx.doi.org/10.1159/000346808
http://dx.doi.org/10.1186/s12872-017-0597-z
http://dx.doi.org/10.1080/1028415X.2017.1348436
http://dx.doi.org/10.1007/s10753-017-0610-9


Antioxidants 2020, 9, 838 17 of 18

49. Lin, Y.; Ubels, J.L.; Schotanus, M.P.; Yin, Z.; Pintea, V.; Hammock, B.D.; Watsky, M.A. Enhancement of Vitamin
D Metabolites in the Eye Following Vitamin D3 Supplementation and UV-B Irradiation. Curr. Eye Res. 2012,
37, 871–878. [CrossRef]

50. Toda, R.; Kawazu, K.; Oyabu, M.; Miyazaki, T.; Kiuchi, Y. Comparison of drug permeabilities across the
blood-retinal barrier, blood-aqueous humor barrier, and blood-brain barrier. J. Pharm. Sci. 2011, 100,
3904–3911. [CrossRef]

51. Packer, L.; Cadenas, E. Oxidants and antioxidants revisited. New concepts of oxidative stress. Free Radic. Res.
2007, 41, 951–952. [CrossRef] [PubMed]

52. Polidoro, L.; Properzi, G.; Marampon, F.; Gravina, G.L.; Festuccia, C.; Di Cesare, E.; Scarsella, L.; Ciccarelli, C.;
Zani, B.M.; Ferri, C. Vitamin D Protects Human Endothelial Cells from H2O2 Oxidant Injury Through the
Mek/Erk-Sirt1 Axis Activation. J Cardiovasc. Transl. Res. 2013, 6, 221–231. [CrossRef] [PubMed]

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

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

55. Lee, H.-S.; Namkoong, K.; Kim, D.-H.; Kim, K.-J.; Cheong, Y.-H.; Kim, S.-S.; Lee, W.-B.; Kim, K.-Y. Hydrogen
peroxide-induced alterations of tight junction proteins in bovine brain microvascular endothelial cells.
Microvasc. Res. 2004, 68, 231–238. [CrossRef] [PubMed]

56. Maier, R.; Weger, M.; Haller-Schober, E.-M.; El-Shabrawi, Y.; Wedrich, A.; Theisl, A.; Aigner, R.; Barth, A.;
Haas, A. Multiplex bead analysis of vitreous and serum concentrations of inflammatory and proangiogenic
factors in diabetic patients. Mol. Vis. 2008, 14, 637–643.

57. Koleva-Georgieva, D.N.; Sivkova, N.P.; Terzieva, D. Serum inflammatory cytokines IL-1beta, IL-6, TNF-alpha
and VEGF have influence on the development of diabetic retinopathy. Folia Med. 2011, 53, 44–50. [CrossRef]

58. Yoshimura, T.; Sonoda, K.; Sugahara, M.; Mochizuki, Y.; Enaida, H.; Oshima, Y.; Ueno, A.; Hata, Y.; Yoshida, H.;
Ishibashi, T. Comprehensive analysis of inflammatory immune mediators in vitreoretinal diseases. PLoS ONE
2009, 4, e8158. [CrossRef]

59. Rangasamy, S.; McGuire, P.G.; Das, A. Diabetic retinopathy and inflammation: Novel therapeutic targets.
Middle East Afr. J. Ophthalmol. 2012, 19, 52–59. [CrossRef]

60. Joussen, A.M.; Poulaki, V.; Le, M.L.; Koizumi, K.; Esser, C.; Janicki, H.; Schraermeyer, U.; Kociok, N.;
Fauser, S.; Kirchhof, B.; et al. A central role for inflammation in the pathogenesis of diabetic retinopathy.
FASEB J. 2004, 18, 1450–1452. [CrossRef]

61. Wang, J.; Xu, X.; Elliott, M.H.; Zhu, M.; Le, Y.-Z. Müller cell-derived VEGF is essential for diabetes-induced
retinal inflammation and vascular leakage. Diabetes 2010, 59, 2297–2305. [CrossRef] [PubMed]

62. Murakami, T.; Felinski, E.A.; Antonetti, D.A. Occludin phosphorylation and ubiquitination regulate tight
junction trafficking and vascular endothelial growth factor-induced permeability. J. Biol. Chem. 2009, 284,
21036–21046. [CrossRef] [PubMed]

63. Holick, M.F. Vitamin D Deficiency. N. Engl. J. Med. 2007, 357, 266–281. [CrossRef] [PubMed]
64. Hyppönen, E.; Läärä, E.; Reunanen, A.; Järvelin, M.-R.; Virtanen, S.M. Intake of vitamin D and risk of type 1

diabetes: A birth-cohort study. Lancet 2001, 358, 1500–1503. [CrossRef]
65. Shab-Bidar, S.; Neyestani, T.R.; Djazayery, A.; Eshraghian, M.-R.; Houshiarrad, A.; Kalayi, A.; Shariatzadeh, N.;

Khalaji, N.; Gharavi, A. Improvement of vitamin D status resulted in amelioration of biomarkers of systemic
inflammation in the subjects with type 2 diabetes: Vitamin D and Systemic Inflammation. Diabetes Metab.
Res. Rev. 2012, 28, 424–430. [CrossRef]

66. Guillot, X.; Semerano, L.; Saidenberg-Kermanac’h, N.; Falgarone, G.; Boissier, M.-C. Vitamin D and
inflammation. Jt. Bone Spine 2010, 77, 552–557. [CrossRef]

67. Hewison, M. Vitamin D and the immune system: New perspectives on an old theme. Endocrinol. Metab.
Clin. N. Am. 2010, 39, 365–379. [CrossRef]

68. Hao, J.; Zhang, H.; Yu, J.; Chen, X.; Yang, L. Methylene Blue Attenuates Diabetic Retinopathy by Inhibiting
NLRP3 Inflammasome Activation in STZ-Induced Diabetic Rats. Ocul. Immunol. Inflamm. 2019, 27, 836–843.
[CrossRef]

http://dx.doi.org/10.3109/02713683.2012.688235
http://dx.doi.org/10.1002/jps.22610
http://dx.doi.org/10.1080/10715760701490975
http://www.ncbi.nlm.nih.gov/pubmed/17729110
http://dx.doi.org/10.1007/s12265-012-9436-x
http://www.ncbi.nlm.nih.gov/pubmed/23247634
http://dx.doi.org/10.1002/ijc.23460
http://www.ncbi.nlm.nih.gov/pubmed/18348143
http://dx.doi.org/10.1002/jcb.22646
http://www.ncbi.nlm.nih.gov/pubmed/20564226
http://dx.doi.org/10.1016/j.mvr.2004.07.005
http://www.ncbi.nlm.nih.gov/pubmed/15501242
http://dx.doi.org/10.2478/v10153-010-0036-8
http://dx.doi.org/10.1371/journal.pone.0008158
http://dx.doi.org/10.4103/0974-9233.92116
http://dx.doi.org/10.1096/fj.03-1476fje
http://dx.doi.org/10.2337/db09-1420
http://www.ncbi.nlm.nih.gov/pubmed/20530741
http://dx.doi.org/10.1074/jbc.M109.016766
http://www.ncbi.nlm.nih.gov/pubmed/19478092
http://dx.doi.org/10.1056/NEJMra070553
http://www.ncbi.nlm.nih.gov/pubmed/17634462
http://dx.doi.org/10.1016/S0140-6736(01)06580-1
http://dx.doi.org/10.1002/dmrr.2290
http://dx.doi.org/10.1016/j.jbspin.2010.09.018
http://dx.doi.org/10.1016/j.ecl.2010.02.010
http://dx.doi.org/10.1080/09273948.2018.1450516


Antioxidants 2020, 9, 838 18 of 18

69. Wooff, Y.; Man, S.M.; Aggio-Bruce, R.; Natoli, R.; Fernando, N. IL-1 Family Members Mediate Cell Death,
Inflammation and Angiogenesis in Retinal Degenerative Diseases. Front. Immunol. 2019, 10. [CrossRef]

70. Schroder, K.; Tschopp, J. The Inflammasomes. Cell 2010, 140, 821–832. [CrossRef]
71. Zhou, J.; Wang, S.; Xia, X. Role of intravitreal inflammatory cytokines and angiogenic factors in proliferative

diabetic retinopathy. Curr. Eye Res. 2012, 37, 416–420. [CrossRef]
72. Loukovaara, S.; Piippo, N.; Kinnunen, K.; Hytti, M.; Kaarniranta, K.; Kauppinen, A. NLRP3 inflammasome

activation is associated with proliferative diabetic retinopathy. Acta Ophthalmol. 2017, 95, 803–808. [CrossRef]
[PubMed]

73. An, E.; Gordish-Dressman, H.; Hathout, Y. Effect of TNF-alpha on human ARPE-19-secreted proteins.
Mol. Vis. 2008, 14, 2292–2303. [PubMed]

74. Kutty, R.K.; Samuel, W.; Boyce, K.; Cherukuri, A.; Duncan, T.; Jaworski, C.; Nagineni, C.N.; Redmond, T.M.
Proinflammatory cytokines decrease the expression of genes critical for RPE function. Mol. Vis. 2016, 22,
1156–1168. [PubMed]

75. Desjardins, D.M.; Yates, P.W.; Dahrouj, M.; Liu, Y.; Crosson, C.E.; Ablonczy, Z. Progressive Early Breakdown
of Retinal Pigment Epithelium Function in Hyperglycemic Rats. Investig. Opthalmol. Vis. Sci. 2016, 57, 2706.
[CrossRef]

76. Xia, Z.; Chen, H.; Zheng, S. Alterations of Retinal Pigment Epithelium–Photoreceptor Complex in Patients
with Type 2 Diabetes Mellitus without Diabetic Retinopathy: A Cross-Sectional Study. J. Diabetes Res. 2020,
2020, 1–6. [CrossRef]

77. Yan, H.; Mao, C. Roles of elevated intravitreal IL-1β and IL-10 levels in proliferative diabetic retinopathy.
Indian J. Ophthalmol. 2014, 62, 699. [CrossRef]

78. Gee, K.; Guzzo, C.; Che Mat, N.; Ma, W.; Kumar, A. The IL-12 Family of Cytokines in Infection, Inflammation
and Autoimmune Disorders. Inflamm. Allergy-Drug Targets 2009, 8, 40–52. [CrossRef]

79. Santos, J.M.; Mohammad, G.; Zhong, Q.; Kowluru, R.A. Diabetic Retinopathy, Superoxide Damage and
Antioxidants. Curr. Pharm. Biotechnol. 2011, 12, 352–361. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
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/10.3389/fimmu.2019.01618
http://dx.doi.org/10.1016/j.cell.2010.01.040
http://dx.doi.org/10.3109/02713683.2012.661114
http://dx.doi.org/10.1111/aos.13427
http://www.ncbi.nlm.nih.gov/pubmed/28271611
http://www.ncbi.nlm.nih.gov/pubmed/19093006
http://www.ncbi.nlm.nih.gov/pubmed/27733811
http://dx.doi.org/10.1167/iovs.15-18397
http://dx.doi.org/10.1155/2020/9232157
http://dx.doi.org/10.4103/0301-4738.136220
http://dx.doi.org/10.2174/187152809787582507
http://dx.doi.org/10.2174/138920111794480507
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Expression of Genes Related to VITD Metabolism 
	Cell Culture 
	Validation of the Cell Lines: Stable Phenotypic Characterization 
	Treatments and Experimental Design: Oxidative Stress and Inflammation-Like Conditions 
	Cell Structure and Integrity: Zonula Occludens (ZO)-1 Immunofluorescence and Western Blot 
	Assay to Detect Cell Apoptosis 
	Viability/Toxicity Assay (MTT) 
	Proliferation Assay (Bromodeoxyuridine, BrdU) 
	Measurement of 8-Hydroxidioxiguanosine (8-OHdG) under Oxidative Stress Conditions 
	Multiplex Cytokine Analysis under Inflammatory and Basal Conditions: Interleukin (IL)-1, IL-6, IL-8, IL-10, IL-12p70, and IL-18; Interferon (IFN)-; Monocyte Chemoattractant Protein (MCP)-1; and Tumor Necrosis Factor (TNF)- 
	Statistical Analysis 

	Results 
	Confirmation of VITD Receptor Expression in ARPE-19 and HREC Cell Lines 
	Validation of the Cell Lines: Stable Phenotypic Characterization 
	Effect of VITD Addition on Cytoxicity and Proliferation 
	Effect of VITD Addition on Integrity and Apoptosis of Cells 
	Antioxidative and Anti-Inflammatory Properties of VITD Addition 

	Discussion 
	Conclusions 
	References

