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Abstract: Age-related macular degeneration (AMD) causes the degeneration of photoreceptors and
retinal cells leading to vision loss in older subjects. Among possible exogenous risk factors, it has been
recently proposed that long-term exposure to blue light could aggravate the course of AMD. In the
search for therapeutic options, plasma rich in growth factors (PRGF) has been shown to enhance cell
antioxidant pathways and protect photoreceptors against the harm produced by blue light, although
its mechanism of action remains unknown. One possible mechanism, autophagy, is one of the most
conservative cell renewal systems used in eukaryotes to destroy cellular components that have been
damaged by some kind of insult. The oxidative stress of exposure to blue light is known to induce
cell autophagy. In this study, we examined the combined effects on autophagy of blue light and
PRGF in a retinal cell line, ARPE19. In response to treatment with both PRGF and blue light, we
detected the modulated expression of autophagy markers such as NF-kB, p62/sqstm1, Atg5, LC3
and Beclin1, and inflammatory markers such as IL1B and IL18. Our findings suggest that PRGF
promotes cell autophagy in response to exposure to blue light.

Keywords: PRGF; AMD; ARPE19; oxidative stress; autophagy; antioxidant; neuroprotection

1. Introduction

Age-related macular degeneration (AMD) is one of the leading causes of blindness in
elderly subjects [1–3]. This disease is the consequence of the degeneration of photoreceptors,
which are specialized retinal cells with high energy requirements that convert light into
electrical signals that are processed in the brain. Because of their high mitochondrial
activity, photoreceptor cells generate large amounts of reactive oxygen species (ROS). To
offset the oxidative stress produced by ROS, different antioxidant systems exist in the
retina. However, several factors can lead to an overproduction of ROS, and this can disrupt
many antioxidant pathways and finally lead to photoreceptor cell death [4–12]. One such
exogenous factor is light.

Blue light (400–500 nm) is the fraction of the visible spectrum that can be harmful to
retinal cells [13–26]. That short wavelength light is absorbed by flavin and mitochondrial
cytochrome constituents, causing mitochondrial membrane depolarization, a reduction
in ATP synthesis and an increase in ROS production [15]. According to several of our
studies examining the effects of blue light on retinal cells [27–29], this insult enhances ROS
production and impairs the functionality of photoreceptors [30]. Our group has also shown
that plasma rich in growth factors (PRGF) is able to reduce these impacts of blue light
by stimulating antioxidant pathways, thus protecting cells against this damage. PRGF
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induces nuclear translocation of nuclear factor erythroid 2-related factor (Nrf2) stimulating
heme-oxiganse-1 (HO-1) or glutamate-cysteine ligase (GCL) [28].

As this plasma is extracted from the patient’s own blood, an adverse immunologic
response is avoided. The benefits of PRGF have been described in several medical fields
such as odontology and traumatology [31–39]. In ophthalmology, PRGF has been used to
treat corneal defects or dry eye [40–49].

Autophagy consists of transport via different systems of cytoplasmic components into
the lysosome (vacuoles) and is among the most conserved processes of cell renewal found
in eukaryotes. Based on structural and mechanistic features, the autophagy pathways
found are classified into three types: macroautophagy (here referred to as autophagy),
microautophagy and chaperon-mediated autophagy [50]. Autophagy is a catabolic process
that activates the degradation of cellular components that are damaged via lysosomes
through the formation of autophagosomes [51–54]. This mechanism is activated after cell
exposure to different kinds of insult, such as oxidative stress or inflammation, and is thus a
useful tool to protect cells [55–58].

Besides inducing oxidative stress, blue light can also act as a pro-inflammatory agent.
Hence to mitigate its harmful effects, blue light could induce the expression of markers
that initiate antioxidant and anti-inflammatory pathways such as nuclear factor-kappa-
light-chain-enhancer of activated B cells (NF-kB). NF-kB is a transcriptional factor whose
expression is triggered in the presence of ROS, and this is followed by activation of both the
proinflammatory and autophagy pathways (see Figure 1) [59]. The autophagy pathway is
preceded by activation of sequestosome 1 (p62/sqstm1) [60], which promotes the turnover
of poly-ubiquitin-proteins to the proteasome, regulating the activation of antioxidant path-
ways by binding to Kelch-like ECH-associated protein 1 (Keap-1) and modulating the
release of Nrf2 from the cytoplasm to the nucleus. Here, Nrf2 activates the expression of
other antioxidant molecules such as HO-1 [61–68], and also interacts with the autophagy
marker microtubule-associated proteins light chain 3 (LC3) [53,57,69,70]. There are also
different proteins, known as autophagy-related proteins (Atg), which control the whole
process of autophagy activation by binding to each other and to other molecules to activate
phagophore formation. For instance, expression of the cytosolic form of LC3, LC3I, is stimu-
lated by Atg4 and Atg7. This is followed by binding of LC3I to phosphatidylethanolamine
(PE) induced by Atg3, transforming it into the lipid form, LC3II. Next, LC3II is activated by
Atg5-Atg12-Atg16 to bind to the phagophore for its elongation and remains bound until the
autophagosome is linked to the lysosome. The LC3II portion that remains on the cytoplas-
mic side of the autophagosome membrane is delipided by Atg4 and recycled, while LC3II,
located on the inner side, will be degraded with the phagolysosome after its fusion. Many
researchers consider LC3 a good marker of autophagy as it is present from the initial stages
of phagophore formation. A different autophagy pathway also exists that is independent of
LC3 activation, carried out by Atg5-Atg7 [50,56,58,61,66,70–79]. The expression of NF-kB
also reflects cleavage of B-cell lymphoma 2 (Bcl-2), an autophagy inhibitor protein, from
Beclin1 [55,56,69,80–82], which is also a marker of autophagosome formation.

NF-kB also modulates the proinflammatory pathway. When NF-kB is activated, it
stimulates the formation of inflammasome through the expression of cytokines such as
interleukin 1 beta (IL1B) and interleukin 18 (IL18). However, the combined actions of
NF-kB and p62/sqstm1 also downregulate inflammasome expression, controlling both
its activation and inhibition. While IL1B expression is induced during autophagy, IL18
expression is stimulated when autophagy is inhibited [55,68,83–86].

As exposure to short-wavelength light is a risk factor for eye diseases such as AMD,
this study examines the role of autophagy induced by blue light as a therapeutic target for
this disease. Our working hypothesis was that, as an antioxidant, PRGF could attenuate
the damage caused by blue light in a human retinal cell line.
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Figure 1. Autophagy activation pathways. Blue light increases ROS production in RPE cells, activat-
ing NF-kB, which modulates autophagy, antioxidant, and inflammatory pathways.

2. Materials and Methods
2.1. PRGF

Blood was obtained from 4 healthy donors (all women, mean age 33 ± 7 years) in
accordance with principles of the Helsinki Declaration of 2013. Samples were placed in
9 mL tubes with 3.8% sodium citrate (Vacuette tube, Greiner Bio-One, Kremsmünster,
Austria) and then centrifuged at room temperature (Endoret System, BTI Biotechnology
Institute, S.L., Vitoria, Spain). After centrifugation, whole plasma was collected avoiding
the leukocyte layer and transferred to a 15 mL tube. The plasma was mixed with calcium
chloride for fibrinogen activation and incubated for 30 min at 37 ◦C, or until clotting.
The supernatant was collected and heated (56 ◦C) for 1 h to inactivate the complement
system. Next, the plasma was filtered, aliquoted, and kept at −20 ◦C until use (in less than
6 months).

2.2. Cell Culture Experiments

Human ARPE19 cells, retinal pigment epithelial (RPE) cell line (ATCC, Wesel, Ger-
many), were grown in a culture medium consisting of DMEM-F12 solution (Sigma-Aldrich,
St Louis, MO, USA) supplemented with 2% antibiotic penicillin/streptomycin (Sigma-
Aldrich, St Louis, MO, USA) and 10% foetal bovine serum (FBS), and kept in a humidified
atmosphere of 5% CO2 at 37 ◦C. The doubling growth time was approximately 60 h.
Aliquots (100 µL or 2 mL) of the cell culture (approximately 10 × 104 cells/mL) were taken
and placed in 96-well plates or T75 flasks, respectively. After allowing the cells to settle
(approximately 24 h for the 96-well plates and 72 h for the T75 flasks) the samples were
subjected to the treatments indicated in Table 1. To deliver light to the cultures we used
blue light LEDs (Electro DH SL, Barcelona, Spain) (465–475 nm, 400 lux, 18 W/m2). Time
of light exposure was determined in previous experiments [28], where the lowest light
intensity was selected in order to cause around 20% of viability reduction. Temperature
was kept at 37 ◦C. The cells were subjected to one-hour of pre-treatment in the dark to
allow them to settle in the new culture medium.
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Table 1. Treatments.

Treatments Culture Medium Dark/Blue Light

Control DMEM F12 + FBS 1% Dark 19 h
Blue light DMEM F12 + FBS 1% Dark 1 h + blue light 18 h

PRGF PRGF 10% + DMEM F12 + FBS 1% Dark 19 h
Blue light + PRGF PRGF 10% + DMEM F12 + FBS 1% Dark 1 h + blue light 18 h

2.3. Western Blotting

After the different treatments, ARPE19 cells were collected by scraping from the T75
flasks followed by centrifugation and resuspension in a cocktail lysis buffer that contained
phosphatase and protease inhibitors (Sigma-Aldrich, Saint Louis, MO, USA). After freezing,
thawing and sonication, the supernatant was collected with its protein content. Equal
amounts of proteins were fractionated by electrophoresis using 12.5% polyacrylamide gels
containing 0.1% SDS. Proteins were transferred to 0.22 µm nitrocellulose membranes and
were incubated overnight at 4 ◦C with one of a set of primary antibodies (see Table 2).
Proteins were detected using appropriate biotinylated secondary antibodies. The final
nitrocellulose blots were developed with a 0.016% w/v solution of 3-amino-9-ethylcarbazole
in 50 mM sodium acetate (pH 5.0) containing 0.05% (v/v) Tween-20 and 0.03% (v/v) H2O2.
The colorimetric reaction was stopped with 0.05% sodium azide/PBST solution, and the
density of the individual bands quantified using IMAGEJ software (U.S. National Institutes
of Health, Bethesda, MD, USA).

Table 2. Antibodies used for the Western blots.

Antibody Reference (RRID) Species Dilution Company

Primary Antibodies

Actin Millipore Cat# MAB1501,
RRID:AB_2223041 Mouse 1:4000

Millipore,
Burlington, MA,

USA

NF-kB
Santa Cruz Biotechnology

Cat# sc-109,
RRID:AB_632039

Rabbit 1:100 Santa Cruz,
Dallas, TX, USA

p62/sqstm1 Abcam Cat# ab56416,
RRID:AB_945626 Mouse 1:500 Abcam,

Cambridge, UK

ATG5
Santa Cruz Biotechnology

Cat# sc-133158,
RRID:AB_2243288

Mouse 1:500 Santa Cruz,
Dallas, TX, USA

LC3 Abcam Cat# ab192890,
RRID:AB_2827794 Rabbit 1:2000 Abcam,

Cambridge, UK

Beclin1
Santa Cruz Biotechnology

Cat# sc-48341,
RRID:AB_626745

Mouse 1:1500 Santa Cruz,
Dallas, TX, USA

IL1B Abcam Cat# ab9722,
RRID:AB_308765 Rabbit 1:100 Abcam,

Cambridge, UK

IL18 Abcam Cat# ab191152,
RRID:AB_2737346 Rabbit 1:250 Abcam,

Cambridge, UK

Secondary Antibodies

Anti-mouse Vector Laboratories Cat#
BA-9200, RRID:AB_2336171 Goat 1:300

Vector labs,
Burlingame, CA,

USA

Anti-rabbit Vector Laboratories Cat#
BA-1000, RRID:AB_2313606 Goat 1:300

Vector labs,
Burlingame, CA,

USA
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2.4. RNA Extraction and mRNA Analysis

Total RNA was extracted from ARPE19 cells using the Illustra RNAspin Mini kit
(GE Healthcare, Chicago, IL, USA). The purity of the RNA was then checked through the
A260/A280 and A260/A230 ratio. Next, 0.5 µg of total RNA was used for linear conversion
of RNA to cDNA using the High-Capacity RNA-to-cDNA Master Mix (Applied Biosystems,
Waltham, MA, USA) following the manufacturer’s instructions (60 min at 37 ◦C, 5 min at
95 ◦C, and holding at 4 ◦C). Primers (see Table 3) were customised using PrimerBLAST and
synthesized by Sigma-Aldrich (Sigma-Aldrich, St Louis, MO, USA). Gene expression was
quantified by relative quantification in a 7500 Real-Time PCR System (Applied Biosystems,
Waltham, MA, USA) using a Power SYBR Green PCR Master Mix (Applied Biosystems,
Waltham, MA, USA) and the ∆∆Ct method. Each sample was analysed in triplicate for
each of the experiments (n = 4). Data were analysed using SDS 1.4 software (Applied
Biosystems, Waltham, MA, USA).

Table 3. Primers used for qPCR.

Gene ID Forward Reverse

Actin NM_001101.4 5′-ATTCCAAATATGAGATGCGTTGTT-3′ 5′-GTGGACTTGGGAGAGGACTG-3′

NF-kB NM_001165412.2 5′-CAGATGGCCCATACCTTCAAAT-3′ 5′-CGGAAACGAAATCCTCTCTGTT-3′

p62/sqstm1 NM_001142298.2 5′-TGTGAATTTCCTGAAGAACG-3′ 5′-TCGATATCAACTTCAATGCC-3′

ATG5 NM_001286106.2 5′-CCCTCTTGGGGTACATGTCT-3′ 5′-CGTCCAAACCACACATCTCG-3′

LC3 NM_032514.4 5′-GTTGGTCAAGATCATCCG-3 5′-TTTCTCCTGCTCGTAGATG-3
Beclin1 NM_001313998.2 5′-CAGTATCAGAGAGAATACAGTG-3′ 5′-TGGAAGGTTGCATTAAAGAC-3′

IL1B NM_000576.3 5′-GGCTGCTCTGGGATTCTCTT-3′ 5′-ATTTCACTGGCGAGCTCAGG-3′

IL18 NM_001243211.2 5′-TGCAGTCTACACAGCTTCGG-3′ 5′-GTTTGTTGCGAGAGGAAGCG-3′

2.5. Statistical Analysis

All statistical tests were performed using the package GraphPad Prism version 7.0a
for Mac (GraphPad Software, La Jolla, CA, USA). Data were compared between groups
by one-way ANOVA. To compare mean differences among treatments, we used Tukey’s
multiple comparison test and the Kruskal–Wallis multiple comparison test. Significance
was set at p < 0.05.

3. Results
3.1. NF-kB

Our gene and protein expression results for NF-kB are illustrated in Figure 2. Exposure
of the retinal cells to blue light led to the increased gene expression of this marker, which
was significantly reduced in the presence of PRGF. Western blots revealed no significant
difference in protein expression among the four different treatments. These findings
could indicate the translocation of NF-kB to the nucleus to activate the different protective
autophagy pathways.

The translocation of NF-kB to the nucleus was confirmed by immunofluorescence
staining. The images in Figure 3 show that in response to blue light treatment there is
co-location of DAPI (nucleus stained blue) and NF-kB, indicating the localization of the
marker in the nucleus after activation. We also observed that the PRGF treatment gave rise
to a punctate pattern of staining for the marker in the perinuclear zone. This could suggest
that PRGF induces the deployment of the marker around the nucleus in preparation for its
actions if needed. This possibility needs to be addressed in future work.
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Figure 2. NF-kB gene expression and protein expression relative to the expression of actin. (A) NF-kB gene expression
measured by qPCR. Results indicate that in response to blue light its gene expression was significantly increased. PRGF plus
blue light treatment produced a significantly different effect to blue light alone, suggesting that PRGF was able to reduce
the impacts of ROS. One-way ANOVA, Tukey’s multiple comparisons test, * p < 0.05 (n = 4). (B) NF-kB protein expression
measured by Western blotting. Results indicate no significant differences in protein expression among the treatments.
One-way ANOVA, Kruskal–Wallis multiple comparisons test (n = 4).
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Figure 3. Immunofluorescence staining of NF-kB (green) and nucleus (DAPI, blue). Results indicate
the increased presence of NF-kB in the cell nucleus in response to blue light. Treatment with PRGF
alone led to a dotted pattern of NF-kB around the nucleus. White arrows point to NF-kB in the
nucleus. Scale bar 50 µm (n = 4).

3.2. p62/sqstm1

Our p62/sqstm1 gene expression results (Figure 4) indicate that blue light alone led
to the increased expression of this marker compared to treatment with PRGF alone. In
addition, when blue light was combined with PRGF, its expression was also significantly
increased compared to the PRGF treatment alone. Our protein expression results for
p62/sqstm1 confirmed that the treatment PRGF plus blue light caused its increased expres-
sion compared to the control and PRGF-alone treatments. Further, blue light treatment led
to the increased, although not significant, expression of this marker.
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expression measured by qPCR. Results indicate that in response to blue light alone, or in combination with PRGF, its gene
expression was significantly increased compared to PRGF alone. One-way ANOVA, Tukey’s multiple comparisons test,
* p < 0.05 (n = 4). (B) p62/sqstm1 protein expression measured by Western blotting. Results indicate that PRGF plus blue
light led to a significant increase in the expression of this marker compared to the control and PRGF treatments. One-way
ANOVA, Tukey’s multiple comparisons test, * p < 0.05, ** p < 0.005 (n = 4).

3.3. Atg5

The next marker of autophagy examined, Atg5, showed enhanced expression in the
presence of PRGF (Figure 5). This protein acts in the initial stages of autophagosome
formation, suggesting its expression will be easier to study in the initial stages of exposure
to blue light and/or PRGF treatment. Our Western blots, however, revealed the increased
production of this marker in response to blue light, both alone and in combination with
PRGF. This could suggest that the presence of this marker is induced in the initial stages
of autophagy through its gene expression but that the protein remains activated until the
final stages.
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Figure 5. Atg5 gene expression, and protein expression relative to the expression of actin. (A) Atg5 gene expression
measured by qPCR. Results indicate that in the presence of PRGF, its gene expression was significantly increased compared
to the blue light treatment, combined or not with PRGF. One-way ANOVA, Tukey’s multiple comparisons test, * p < 0.05
(n = 4). (B) Atg5 protein expression measured by Western blotting. Results indicate that blue light, alone or combined with
PRGF, led to a significant increase in the expression of this marker compared to the PRGF treatment. One-way ANOVA,
Tukey’s multiple comparisons test, ** p < 0.005 (n = 4).



Biomolecules 2021, 11, 954 8 of 16

3.4. LC3

The gene expression of LC3 was found significantly enhanced in the presence of
blue light compared to the control and PRGF treatments (Figure 6). When blue light was
combined with PRGF, the expression of this marker was also higher, but not significantly.
In our protein expression experiments, we examined both the “inactivated” form (LC3I)
and activated form (LC3II) of LC3 as the former needs to bind to PE to be activated and
join to the phagophore for its elongation. The ratio LC3II to LC3I was decreased compared
to control results indicating higher levels of LC3I than LC3II.
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Figure 6. LC3 gene expression, and protein expression relative to the expression of actin. (A) LC3 gene expression measured
by qPCR. Results indicate that in response to blue light, its gene expression was significantly increased compared to the
PRGF treatment. It was also possible to see a difference between control and blue light treatments, however it was not
significant (p = 0.1065). One-way ANOVA, Tukey’s multiple comparisons test, * p < 0.05 (n = 4). (B) LC3II:LC3I ratio of
protein expression measured by Western blotting. Results indicate that PRGF plus blue light led to a significant increase in
the expression of LC3I compared to the control treatment. One-way ANOVA, Tukey’s multiple comparison test, * p < 0.05
(n = 4).

3.5. Beclin1

The gene expression of Beclin1 was increased in response to blue light in combination
or not with PRGF (Figure 7). Its protein expression was higher in response to treatment
with PRGF alone, although the difference was not significant. No conclusions are available
for the PRGF plus blue light treatment, as the resolution was not clear.

3.6. IL1B

Exposure of the retinal cells to blue light led to a significantly high increase in the gene
expression of IL1B, while its protein expression was increased in response to PRGF when
given alone or in combination with blue light (Figure 8).
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Figure 7. Beclin1 gene expression, and protein expression relative to the expression of actin. (A) Beclin1 gene expression
measured by qPCR. Results indicate that in response to blue light with or without PRGF its gene expression was significantly
increased compared to the control treatment. One-way ANOVA, Tukey’s multiple comparison test, * p < 0.05 (n = 4).
(B) Beclin1 protein expression measured by Western blotting. Results indicate no significant difference in protein expression
among the treatments. One-way ANOVA, Kruskal–Wallis multiple comparison test (n = 4).
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Figure 8. IL1B gene expression, and protein expression relative to the expression of actin. (A) IL1B gene expression
measured by qPCR. Results indicate that in response to blue light this expression was significantly increased compared
to the remaining treatments. One-way ANOVA, Tukey’s multiple comparison test, * p < 0.05 (n = 4). (B) IL1B protein
expression measured by Western blotting. Results indicate that blue light plus PRGF led to a significant increase in the
expression of this marker compared to blue light alone. In addition, PRGF alone also gave rise to the increased expression
of this marker compared to control results. One-way ANOVA, Tukey’s multiple comparison test, * p < 0.05, ** p < 0.005 and,
*** p < 0.0005 (n = 4).

3.7. IL18

Our results indicate that the gene expression of IL18 was enhanced by blue light
compared to blue light plus PRGF, while its protein expression was significantly enhanced
by blue light yet reduced by blue light plus PRGF (Figure 9).
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Figure 9. IL18 gene expression, and protein expression relative to the expression of actin. (A) IL18 gene expression measured
by qPCR. Results indicate that in response to blue light alone the expression of the marker was increased compared to
its combination with PRGF. One-way ANOVA, Tukey’s multiple comparison test, * p < 0.05 (n = 4). (B) IL18 protein
expression measured by Western blotting. Results indicate that blue light led to a significant increase in the expression of
this marker compared to the blue light plus PRGF and control treatments. One-way ANOVA, Tukey’s multiple comparison
test, * p < 0.05 and ** p < 0.005 (n = 4).

4. Discussion

Autophagy is among the most regulated and conserved processes of cell renewal
known [51,54]. It is regulated by the activation and inactivation of several markers in
response to damage produced in some cell components through factors such as oxida-
tive stress or inflammation. It has been well established that blue light increases the
presence of ROS with possible harmful effects produced via the disruption of several
retinal molecules. Although retinal cells have several antioxidant pathways for their pro-
tection, these might not be sufficient when ROS levels are elevated and/or maintained
over long periods [5,56,83,87]. Further, blue light disrupts the activity of photoreceptors
by dysregulating several proteins that ensure correct visual function. In work from our
laboratory, PRGF was found to diminish the cell damage produced by blue light, as it
is able to upregulate protective antioxidant pathways and also avoids the disruption of
these proteins [21,22,75,88–92]. In the present study, we also noted that blue light is able to
enhance autophagy and that this process is promoted by PRGF.

NF-kB is a transcriptional factor that is activated following the production of ROS [66,93]
regulating several systems including antioxidant and inflammatory pathways. The site of
NF-kB activation is the cytoplasm, and this is followed by the activation of IL1B and the
inflammasome [56,80,84]. NF-kB modulates its own inflammatory activity via the renewal
of p62/sqstm1 in damaged mitochondria [66,68]. This acts as a negative feedback loop,
controlling the activation of inflammation but also preventing tissue damage. Our results
indicate that NF-kB gene expression is significantly exacerbated in response to blue light.
We propose that the blue light insult increases the presence of ROS, and that NF-kB is
activated to reduce the harm produced. However, when blue light was combined with
PRGF, the expression of this marker was reduced, although it did not reach basal levels.
Remarkably, on its own, PRGF was found to reduce the expression of this marker com-
pared to the control treatment. This suggests that PRGF attenuates ROS and therefore the
expression of NF-kB. We were unable to detect differences in the protein expression of this
marker among the treatments. This could be because NF-kB is translocated to the nucleus
to activate the expression of other protective pathways and thus it cannot be detected in
the cytoplasm.
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The protein p62/sqstm1 acts as an adapter between the ubiquitin-proteasome system
(UPS) and the autophagy-lysosome pathway (ALP) [66]. When the proteasome is over-
whelmed, p62/sqstm1 controls ALP, as it has an LC3 interacting region. This protein also
features an antioxidant response element (ARE) which is regulated by the Keap1-Nrf2
pathway. In the presence of ROS, p62/sqstm1 binds to Keap1, releasing Nrf2 from the
cytoplasm, which travels to the nucleus to activate the expression of other antioxidant
molecules such as HO-1 [57,61,65,69]. Our p62/sqstm1 gene expression analysis revealed
that blue light led to a slight increase in its expression. However, the presence of PRGF in
combination with blue light significantly raised this level of expression. This could mean
the activation of p62/sqstm1 expression in an effort to enhance antioxidant and autophagy
pathways. Our Western blots results confirmed that treatment with PRGF and blue light
highly increased the protein expression of this maker. In prior work [28], we showed that
PRGF promoted antioxidant pathways when blue light was present. This is consistent with
our finding of the increased expression of p62/sqstm1 induced by PRGF in response to
blue light, suggesting promotion of the protective pathways it oversees.

It is clear that autophagy is a tightly controlled process. Several authors have reported
the presence of LC3 as a sign of autophagy. LC3 is expressed in its “inactive” form, LC3I,
which undergoes lipidation by binding to PE and is transformed into LC3II. LC3II binds
to the phagophore membrane and, via other regulators, elongates the phagophore until it
becomes an autophagosome [50,53,70,75,94,95]. The proteins that control the autophagy
process are called autophagy-related proteins (Atg). Accordingly, Atg5 forms a complex
with Atg12 [79,96]. When these proteins detect LC3II, they bind to Atg16 and help LC3II to
anchor to the phagophore membrane, where it carries out its maturation function [86]. Our
Atg5 gene expression analysis revealed that PRGF led to a great increase in its expression,
showing an opposite pattern compared to its protein expression. This protein acts in the
initial stages of autophagosome formation, so this finding could suggest its easier detection
at the start of this process. Accordingly, our Western blot assay revealed that blue light,
alone or in combination with PRGF, increased the protein expression of this marker. These
results therefore support this notion that Atg5 expression is induced in the initial stages
of cell damage, as it helps LC3II binding to the phagophore for its elongation, but the
protein remains activated for a longer period. However, there is evidence to suggest that
the expression of Atg5/Atg12 is controlled by circadian rhythm such that it could follow a
cycle [75,97–100]. LC3 gene expression is increased in response to blue light and slightly
increased when blue light is combined with PRGF. This suggests that blue light enhances
autophagy, whose objective is to destroy and recycle all damaged cellular fractions. Several
studies have shown that LC3 expression is greatly elevated in the initial stages of autophagy
owing to its role in autophagosome maturation. Nevertheless, exposure to blue light was
found here to induce the expression of this marker during the whole experiment. Results
regarding the expression of this protein could be misleading. In order to detect the real
amount of protein that is carrying out its function, it is important to consider both LC3I and
LC3II. Hence, when retinal cells were treated with blue light plus PRGF, LC3I expression
was higher than that of LC3II. This could indicate greater protein expression levels in
early stages of autophagy, and once the autophagosome is formed and mature, LC3I does
not require conversion into LC3II. Moreover, it might not be necessary to promote the
expression of the gene when the protein is not being activated. Song et al. observed that
the protein expression of LC3 follows an opposite pattern to that of p62/sqstm1, such that
p62/sqstm1 expression was higher when a lower amount of LC3II was detected [66].

NF-kB also activates the release of Beclin1 from Bcl-2, an autophagy inhibitor. Like
LC3, Beclin1 plays a role in phagophore nucleation and autophagosome elongation [81].
Our gene expression results revealed that blue light increased its expression but also when
it was combined with PRGF. In Western blots we detected that PRGF alone stimulates its
protein expression, although results were not significantly different. Despite our unclear
results for the treatment blue light plus PRGF, these suggest higher expression levels of
this marker than control levels, and therefore that autophagy might be stimulated.
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As mentioned earlier, NF-kB also plays an important role in regulating inflammation.
Further, NF-kB modulates its own pro-inflammatory function acting through negative
feedback, controlling inflammasome formation and therefore preventing tissue damage.
Several studies have linked different cytokines with the regulation of autophagy. When
NF-kB is activated after the detection of ROS, cytokines such as IL1B and IL18 are ex-
pressed [55,62,84,101–104]. In effect, it has been widely described that IL1B expression is
stimulated in the event of autophagy. Our qPCR results indicate the intensely increased
gene expression of this marker in response to blue light. In addition, as IL1B expression is
modulated in the presence of ROS, we observed that treatment with both PRGF and blue
light resulted in the reduced expression of IL1B. However, our Western blots revealed an
increase in the expression of this marker when blue light was combined with PRGF. We
propose this finding is related to the role of this cytokine in the activation of autophagy.
While IL18 is usually expressed when autophagy is inhibited, our data indicate that treat-
ment with PRGF reduced its gene and protein expression, suggesting that autophagy was
not inhibited.

5. Conclusions

Our results confirm that autophagy is an intricate process that is regulated in very
different ways. Despite this, we were able to see in our retinal cell culture model that,
because of the damage it causes to cell structures, blue light enhances autophagy, but when
combined with PRGF it stimulates this system even further. PRGF alone did not impair the
different cellular mechanisms, but it was able to prepare the cell machinery to respond to
this insult.

Author Contributions: Conceptualization, C.S.-B., S.d.O.-A. and J.M.-L.; methodology, C.S.-B.,
S.d.O.-A. and E.G.-P.; formal analysis, C.S.-B., S.d.O.-A. and E.G.-P.; investigation, C.S.-B., S.d.O.-A.,
E.G.-P., L.F.-V.-C. and A.F.-V.C.; resources, S.d.O.-A., L.F.-V. and J.M.-L.; writing—original draft
preparation, C.S.-B., S.d.O.-A., B.B.-A., L.F.-V.-C. and A.F.-V.C.; writing—review and editing, C.S.-B.,
S.d.O.-A., L.F.-V.-C., A.F.-V.C., B.B.-A., L.F.-V. and J.M.-L.; visualization, C.S.-B., S.d.O.-A., B.B.-A.
and J.M.-L.; supervision, S.d.O.-A., J.M.-L. and L.F.-V.; project administration, S.d.O.-A.; funding
acquisition, S.d.O.-A., L.F.-V. and J.M.-L. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was supported by the grant PI17/01549 from the “Acción Estratégica en
Salud (AES)”-Instituto de Salud Carlos III- of the Spanish Ministry of Economy and Competitiveness,
and the European Union through the “Fondo Europeo de Desarrollo Regional (FEDER)”.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All the obtained data used to support the findings of this study are
available from the corresponding author upon reasonable request.

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

References
1. Diniz, B.; Thomas, P.; Thomas, B.; Ribeiro, R.; Hu, Y.; Brant, R.; Ahuja, A.; Zhu, D.; Liu, L.; Koss, M.; et al. Subretinal Implantation

of Retinal Pigment Epithelial Cells Derived from Human Embryonic Stem Cells: Improved Survival When Implanted as a
Monolayer. Investig. Ophthalmol. Vis. Sci. 2013, 54, 5087–5096. [CrossRef]

2. Madeira, M.H.; Rashid, K.; Ambrósio, A.F.; Santiago, A.R.; Langmann, T. Blockade of microglial adenosine A2A receptor impacts
inflammatory mechanisms, reduces ARPE-19 cell dysfunction and prevents photoreceptor loss in vitro. Sci. Rep. 2018, 8, 2272.
[CrossRef]

3. Vazquez, S.; Aquilina, J.A.; Jamie, J.F.; Sheil, M.M.; Truscott, R.J.W. Novel protein modification by kynurenine in human lenses. J.
Biol. Chem. 2002, 277, 4867–4873. [CrossRef]

4. Du, Y.; Veenstra, A.; Palczewski, K.; Kern, T.S. Photoreceptor cells are major contributors to diabetes-induced oxidative stress and
local inflammation in the retina. Proc. Natl. Acad. Sci. USA 2013, 110, 16586–16591. [CrossRef]

http://doi.org/10.1167/iovs.12-11239
http://doi.org/10.1038/s41598-018-20733-2
http://doi.org/10.1074/jbc.M107529200
http://doi.org/10.1073/pnas.1314575110


Biomolecules 2021, 11, 954 13 of 16

5. Li, G.-Y.; Osborne, N.N. Oxidative-induced apoptosis to an immortalized ganglion cell line is caspase independent but involves
the activation of poly(ADP-ribose)polymerase and apoptosis-inducing factor. Brain Res. 2008, 1188, 35–43. [CrossRef]

6. Ursu, O.N.; Sauter, M.; Ettischer, N.; Kandolf, R.; Klingel, K. Heme oxygenase-1 mediates oxidative stress and apoptosis in
coxsackievirus B3-induced myocarditis. Cell. Physiol. Biochem. 2014, 33, 52–66. [CrossRef]

7. Ott, M.; Gogvadze, V.; Orrenius, S.; Zhivotovsky, B. Mitochondria, oxidative stress and cell death. Apoptosis 2007, 12, 913–922.
[CrossRef] [PubMed]

8. Chrysostomou, V.; Rezania, F.; Trounce, I.A.; Crowston, J.G. Oxidative stress and mitochondrial dysfunction in glaucoma. Curr.
Opin. Pharmacol. 2013, 13, 12–15. [CrossRef]

9. Klein, J.A.; Ackerman, S.L. Oxidative stress, cell cycle, and neurodegeneration. J. Clin. Investig. 2003, 111, 785–793. [CrossRef]
[PubMed]

10. Chang, J.Y.; Bora, P.S.; Bora, N.S. Prevention of Oxidative Stress-Induced Retinal Pigment Epithelial Cell Death by the PPARgamma
Agonists, 15-Deoxy-Delta 12, 14-Prostaglandin J(2). PPAR Res. 2008, 2008, 720163. [CrossRef] [PubMed]

11. Brown, E.E.; DeWeerd, A.J.; Ildefonso, C.J.; Lewin, A.S.; Ash, J.D. Mitochondrial oxidative stress in the retinal pigment epithelium
(RPE) led to metabolic dysfunction in both the RPE and retinal photoreceptors. Redox Biol. 2019, 24, 101201. [CrossRef] [PubMed]

12. Datta, S.; Cano, M.; Ebrahimi, K.; Wang, L.; Handa, J.T. The impact of oxidative stress and inflammation on RPE degeneration in
non-neovascular AMD. Prog. Retin. Eye Res. 2017, 60, 201–218. [CrossRef]

13. Hockberger, P.E.; Skimina, T.A.; Centonze, V.E.; Lavin, C.; Chu, S.; Dadras, S.; Reddy, J.K.; White, J.G. Activation of flavin-
containing oxidases underlies light-induced production of H2O2 in mammalian cells. Proc. Natl. Acad. Sci. USA 1999, 96,
6255–6260. [CrossRef]

14. King, A.; Gottlieb, E.; Brooks, D.G.; Murphy, M.P.; Dunaief, J.L. Mitochondria-derived Reactive Oxygen Species Mediate Blue
Light–induced Death of Retinal Pigment Epithelial Cells. Photochem. Photobiol. 2004, 79, 470. [CrossRef]

15. Osborne, N.N.; Núñez-Álvarez, C.; del Olmo-Aguado, S.; Merrayo-Lloves, J. Visual light effects on mitochondria: The potential
implications in relation to glaucoma. Mitochondrion 2017, 36, 29–35. [CrossRef] [PubMed]

16. Yu, T.; Chen, C.Z.; Xing, Y.Q. Inhibition of cell proliferation, migration and apoptosis in blue-light illuminated human retinal
pigment epithelium cells by down-regulation of HtrA1. Int. J. Ophthalmol. 2017, 10, 524–529. [CrossRef] [PubMed]

17. Takayama, K.; Kaneko, H.; Kataoka, K.; Kimoto, R.; Hwang, S.-J.; Ye, F.; Nagasaka, Y.; Tsunekawa, T.; Matsuura, T.; Nonobe, N.;
et al. Nuclear Factor (Erythroid-Derived)-Related Factor 2-Associated Retinal Pigment Epithelial Cell Protection under Blue
Light-Induced Oxidative Stress. Oxid. Med. Cell. Longev. 2016, 2016, 8694641. [CrossRef] [PubMed]

18. Krigel, A.; Berdugo, M.; Picard, E.; Levy-Boukris, R.; Jaadane, I.; Jonet, L.; Dernigoghossian, M.; Andrieu-Soler, C.; Torriglia, A.;
Behar-Cohen, F. Light-induced retinal damage using different light sources, protocols and rat strains reveals LED phototoxicity.
Neuroscience 2016, 339, 296–307. [CrossRef] [PubMed]

19. del Olmo-Aguado, S.; Manso, A.G.; Osborne, N.N. Light Might Directly Affect Retinal Ganglion Cell Mitochondria to Potentially
Influence Function. Photochem. Photobiol. 2012, 88, 1346–1355. [CrossRef]

20. Lockwood, D.B.; Wataha, J.C.; Lewis, J.B.; Tseng, W.Y.; Messer, R.L.W.; Hsu, S.D. Blue light generates reactive oxygen species
(ROS) differentially in tumor vs. normal epithelial cells. Dent. Mater. 2005, 21, 683–688. [CrossRef]

21. Marie, M.; Bigot, K.; Angebault, C.; Barrau, C.; Gondouin, P.; Pagan, D.; Fouquet, S.; Villette, T.; Sahel, J.-A.; Lenaers, G.; et al.
Light action spectrum on oxidative stress and mitochondrial damage in A2E-loaded retinal pigment epithelium cells. Cell Death
Dis. 2018, 9, 287. [CrossRef] [PubMed]

22. Knels, L.; Valtink, M.; Roehlecke, C.; Lupp, A.; de la Vega, J.; Mehner, M.; Funk, R.H.W. Blue light stress in retinal neuronal (R28)
cells is dependent on wavelength range and irradiance. Eur. J. Neurosci. 2011, 34, 548–558. [CrossRef]

23. Osborne, N.N.; Li, G.-Y.; Ji, D.; Mortiboys, H.J.; Jackson, S. Light affects mitochondria to cause apoptosis to cultured cells: Possible
relevance to ganglion cell death in certain optic neuropathies. J. Neurochem. 2008, 105, 2013–2028. [CrossRef]

24. Grimm, C.; Wenzel, A.; Williams, T.P.; Rol, P.O.; Hafezi, F.; Remé, C.E. Rhodopsin-mediated blue-light damage to the rat retina:
Effect of photoreversal of bleaching. Investig. Ophthalmol. Vis. Sci. 2001, 42, 497–505.

25. Osborne, N.N.; Núñez-Álvarez, C.; del Olmo-Aguado, S. The effect of visual blue light on mitochondrial function associated with
retinal ganglions cells. Exp. Eye Res. 2014, 128, 8–14. [CrossRef] [PubMed]

26. Jaadane, I.; Villalpando Rodriguez, G.E.; Boulenguez, P.; Chahory, S.; Carré, S.; Savoldelli, M.; Jonet, L.; Behar-Cohen, F.;
Martinsons, C.; Torriglia, A. Effects of white light-emitting diode (LED) exposure on retinal pigment epithelium in vivo. J. Cell.
Mol. Med. 2017, 21, 3453–3466. [CrossRef]

27. Núñez-Álvarez, C.; Suárez-Barrio, C.; del Olmo Aguado, S.; Osborne, N.N. Blue light negatively affects the survival of ARPE19
cells through an action on their mitochondria and blunted by red light. Acta Ophthalmol. 2019, 97, 103–115. [CrossRef]

28. Suárez-Barrio, C.; Del Olmo-Aguado, S.; García-Pérez, E.; de la Fuente, M.; Muruzabal, F.; Anitua, E.; Baamonde-Arbaiza, B.;
Fernández-Vega-Cueto, L.; Fernández-Vega, L.; Merayo-Lloves, J. Antioxidant role of PRGF on RPE cells after blue light insult as
a therapy for neurodegenerative diseases. Int. J. Mol. Sci. 2020, 21, 1021. [CrossRef]

29. Anitua, E.; de la Fuente, M.; del Olmo-Aguado, S.; Suarez-Barrio, C.; Merayo-Lloves, J.; Muruzabal, F. Plasma rich in growth
factors reduces blue light-induced oxidative damage on retinal pigment epithelial cells and restores their homeostasis by
modulating vascular endothelial growth factor and pigment epithelium-derived factor expression. Clin. Exp. Ophthalmol. 2020,
48, 830–838. [CrossRef]

http://doi.org/10.1016/j.brainres.2007.10.073
http://doi.org/10.1159/000356649
http://doi.org/10.1007/s10495-007-0756-2
http://www.ncbi.nlm.nih.gov/pubmed/17453160
http://doi.org/10.1016/j.coph.2012.09.008
http://doi.org/10.1172/JCI200318182
http://www.ncbi.nlm.nih.gov/pubmed/12639981
http://doi.org/10.1155/2008/720163
http://www.ncbi.nlm.nih.gov/pubmed/18382621
http://doi.org/10.1016/j.redox.2019.101201
http://www.ncbi.nlm.nih.gov/pubmed/31039480
http://doi.org/10.1016/j.preteyeres.2017.03.002
http://doi.org/10.1073/pnas.96.11.6255
http://doi.org/10.1562/LE-03-17.1
http://doi.org/10.1016/j.mito.2016.11.009
http://www.ncbi.nlm.nih.gov/pubmed/27890822
http://doi.org/10.18240/ijo.2017.04.04
http://www.ncbi.nlm.nih.gov/pubmed/28503422
http://doi.org/10.1155/2016/8694641
http://www.ncbi.nlm.nih.gov/pubmed/27774118
http://doi.org/10.1016/j.neuroscience.2016.10.015
http://www.ncbi.nlm.nih.gov/pubmed/27751961
http://doi.org/10.1111/j.1751-1097.2012.01120.x
http://doi.org/10.1016/j.dental.2004.07.022
http://doi.org/10.1038/s41419-018-0331-5
http://www.ncbi.nlm.nih.gov/pubmed/29459695
http://doi.org/10.1111/j.1460-9568.2011.07790.x
http://doi.org/10.1111/j.1471-4159.2008.05320.x
http://doi.org/10.1016/j.exer.2014.08.012
http://www.ncbi.nlm.nih.gov/pubmed/25193034
http://doi.org/10.1111/jcmm.13255
http://doi.org/10.1111/aos.13812
http://doi.org/10.3390/ijms21031021
http://doi.org/10.1111/ceo.13767


Biomolecules 2021, 11, 954 14 of 16

30. Suárez-Barrio, C.; del Olmo-Aguado, S.; García-Pérez, E.; Artime, E.; de la Fuente, M.; Muruzabal, F.; Anitua, E.; Baamonde-
Arbaiza, B.; Fernández-Vega, L.; Merayo-Lloves, J. Plasma Rich in Growth Factors Enhances Cell Survival after in Situ Retinal
Degeneration. Int. J. Mol. Sci. 2020, 21, 7442. [CrossRef]

31. Anitua, E.; Sánchez, M.; Orive, G.; Padilla, S. A biological therapy to osteoarthritis treatment using platelet-rich plasma. Expert
Opin. Biol. Ther. 2013, 13, 1161–1172. [CrossRef] [PubMed]

32. Dohan Ehrenfest, D.M.; Rasmusson, L.; Albrektsson, T. Classification of platelet concentrates: From pure platelet-rich plasma
(P-PRP) to leucocyte- and platelet-rich fibrin (L-PRF). Trends Biotechnol. 2009, 27, 158–167. [CrossRef] [PubMed]

33. Molina-Miñano, F.; López-Jornet, P.; Camacho-Alonso, F.; Vicente-Ortega, V. The use of plasma rich in growth factors on wound
healing in the skin: Experimental study in rabbits. Int. Wound J. 2009, 6, 145–148. [CrossRef]

34. Anitua, E.; Sánchez, M.; Orive, G.; Andia, I. Delivering growth factors for therapeutics. Trends Pharmacol. Sci. 2008, 29, 37–41.
[CrossRef]

35. Paknejad, M.; Shayesteh, Y.S.; Yaghobee, S.; Shariat, S.; Dehghan, M.; Motahari, P. Evaluation of the Effect of Plasma Rich in
Growth Factors (PRGF) on Bone Regeneration. J. Dent. 2012, 9, 59–67.

36. Anitua, E.; Sanchez, M.; De la Fuente, M.; Zalduendo, M.M.; Orive, G. Plasma rich in growth factors (PRGF-Endoret) stimulates
tendon and synovial fibroblasts migration and improves the biological properties of hyaluronic acid. Knee Surg. Sport. Traumatol.
Arthrosc. 2012, 20, 1657–1665. [CrossRef] [PubMed]

37. Anitua, E.; Sánchez, M.; Orive, G.; Andía, I. The potential impact of the preparation rich in growth factors (PRGF) in different
medical fields. Biomaterials 2007, 28, 4551–4560. [CrossRef]

38. Dohan Ehrenfest David, M. Classification of platelet concentrates (Platelet-Rich Plasma-PRP, Platelet-Rich Fibrin-PRF) for topical
and infiltrative use in orthopedic and sports medicine: Current consensus, clinical implications and perspectives. Muscle Ligaments
Tendons J. 2014, 4, 3–9. [CrossRef]

39. Anitua, E.; Zalduendo, M.; Troya, M.; Padilla, S.; Orive, G. Leukocyte inclusion within a platelet rich plasma-derived fibrin
scaffold stimulates a more pro-inflammatory environment and alters fibrin properties. PLoS ONE 2015, 10, e0121713. [CrossRef]

40. Anitua, E.; de la Fuente, M.; Muruzabal, F.; Riestra, A.; Merayo-Lloves, J.; Orive, G. Plasma rich in growth factors (PRGF) eye
drops stimulates scarless regeneration compared to autologous serum in the ocular surface stromal fibroblasts. Exp. Eye Res.
2015, 135, 118–126. [CrossRef]

41. Anitua, E.; Sanchez, M.; Merayo-Lloves, J.; de La Fuente, M.; Muruzabal, F.; Orive, G. Plasma rich in growth factors (PRGF-
Endoret) stimulates proliferation and migration of primary keratocytes and conjunctival fibroblasts and inhibits and reverts
TGF-β1-induced myodifferentiation. Investig. Ophthalmol. Vis. Sci. 2011, 52, 6066–6073. [CrossRef] [PubMed]

42. Etxebarria, J.; Sanz-Lázaro, S.; Hernáez-Moya, R.; Freire, V.; Durán, J.A.; Morales, M.C.; Andollo, N. Serum from plasma rich
in growth factors regenerates rabbit corneas by promoting cell proliferation, migration, differentiation, adhesion and limbal
stemness. Acta Ophthalmol. 2017, 95, 693–705. [CrossRef] [PubMed]

43. López-Plandolit, S.; Morales, M.-C.C.; Freire, V.; Etxebarría, J.; Durán, J.A. Plasma Rich in Growth Factors as a Therapeutic Agent
for Persistent Corneal Epithelial Defects. Cornea 2010, 29, 843–848. [CrossRef]

44. de la Sen-Corcuera, B.; Montero-Iruzubieta, J.; Sánchez-Ávila, R.M.; Orive, G.; Anitua, E.; Caro-Magdaleno, M.; Merayo-Lloves, J.
Plasma rich in growth factors for the treatment of cicatrizing conjunctivitis. Clin. Ophthalmol. 2020, 14, 1619–1627. [CrossRef]

45. Freire, V.; Andollo, N.; Etxebarria, J.; Durán, J.A.; Morales, M.-C.C. In Vitro Effects of Three Blood Derivatives on Human Corneal
Epithelial Cells. Investig. Opthalmology Vis. Sci. 2012, 53, 5571. [CrossRef]

46. Sánchez-Avila, R.M.; Merayo-Lloves, J.; Fernández, M.L.; Rodríguez-Gutiérrez, L.A.; Rodríguez-Calvo, P.P.; Fernández-Vega
Cueto, A.; Muruzabal, F.; Orive, G.; Anitua, E. Plasma rich in growth factors eye drops to treat secondary ocular surface disorders
in patients with glaucoma. Int. Med. Case Rep. J. 2018, 11, 97–103. [CrossRef]

47. Sánchez-ávila, R.M.; González, Á.F.V.; Sanz, Á.F.V.; Merayo-Lloves, J. Treatment of recurrent myopic macular hole using
membrane of plasma rich in growth factors. Int. Med. Case Rep. J. 2019, 12, 229–233. [CrossRef]

48. Suárez-Barrio, C.; Etxebarria, J.; Hernáez-Moya, R.; Del Val-Alonso, M.; Rodriguez-Astigarraga, M.; Urkaregi, A.; Freire, V.;
Morales, M.C.; Durán, J.A.; Vicario, M.; et al. Hyaluronic acid combined with serum rich in growth factors in corneal epithelial
defects. Int. J. Mol. Sci. 2019, 20, 1655. [CrossRef] [PubMed]

49. Arias, J.D.; Hoyos, A.T.; Alcántara, B.; Sanchez-Avila, R.M.; Arango, F.J.; Galvis, V. Plasma rich in growth factors for persistent
macular hole. Retin. Cases Brief. Rep. 2019. [CrossRef]

50. Frudd, K.; Burgoyne, T.; Burgoyne, J.R. Oxidation of Atg3 and Atg7 mediates inhibition of autophagy. Nat. Commun. 2018, 9, 95.
[CrossRef]

51. Glick, D.; Barth, S.; Macleod, K.F. Autophagy: Cellular and molecular mechanisms. J. Pathol. 2010, 221, 3–12. [CrossRef]
52. Bray, K.; Mathew, R.; Lau, A.; Kamphorst, J.J.; Fan, J.; Chen, J.; Chen, H.-Y.Y.; Ghavami, A.; Stein, M.; DiPaola, R.S.; et al.

Autophagy suppresses RIP kinase-dependent necrosis enabling survival to mTOR inhibition. PLoS ONE 2012, 7, 41831. [CrossRef]
[PubMed]

53. Schaeffer, V.; Goedert, M. Stimulation of autophagy is neuroprotective in a mouse model of human tauopathy. Autophagy 2012, 8,
1686–1687. [CrossRef] [PubMed]

54. He, C.; Klionsky, D.J. Regulation mechanisms and signaling pathways of autophagy. Annu. Rev. Genet. 2009, 43, 67–93. [CrossRef]
[PubMed]

55. Qian, M.; Fang, X.; Wang, X. Autophagy and inflammation. Clin. Transl. Med. 2017, 6, 24. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms21207442
http://doi.org/10.1517/14712598.2013.801450
http://www.ncbi.nlm.nih.gov/pubmed/23834251
http://doi.org/10.1016/j.tibtech.2008.11.009
http://www.ncbi.nlm.nih.gov/pubmed/19187989
http://doi.org/10.1111/j.1742-481X.2009.00592.x
http://doi.org/10.1016/j.tips.2007.10.010
http://doi.org/10.1007/s00167-011-1697-4
http://www.ncbi.nlm.nih.gov/pubmed/21987365
http://doi.org/10.1016/j.biomaterials.2007.06.037
http://doi.org/10.32098/mltj.01.2014.02
http://doi.org/10.1371/journal.pone.0121713
http://doi.org/10.1016/j.exer.2015.02.016
http://doi.org/10.1167/iovs.11-7302
http://www.ncbi.nlm.nih.gov/pubmed/21613374
http://doi.org/10.1111/aos.13371
http://www.ncbi.nlm.nih.gov/pubmed/28266180
http://doi.org/10.1097/ICO.0b013e3181a81820
http://doi.org/10.2147/OPTH.S252253
http://doi.org/10.1167/iovs.11-7340
http://doi.org/10.2147/IMCRJ.S153918
http://doi.org/10.2147/IMCRJ.S170329
http://doi.org/10.3390/ijms20071655
http://www.ncbi.nlm.nih.gov/pubmed/30987108
http://doi.org/10.1097/ICB.0000000000000957
http://doi.org/10.1038/s41467-017-02352-z
http://doi.org/10.1002/path.2697
http://doi.org/10.1371/journal.pone.0041831
http://www.ncbi.nlm.nih.gov/pubmed/22848625
http://doi.org/10.4161/auto.21488
http://www.ncbi.nlm.nih.gov/pubmed/22874558
http://doi.org/10.1146/annurev-genet-102808-114910
http://www.ncbi.nlm.nih.gov/pubmed/19653858
http://doi.org/10.1186/s40169-017-0154-5
http://www.ncbi.nlm.nih.gov/pubmed/28748360


Biomolecules 2021, 11, 954 15 of 16

56. Trachsel-Moncho, L.; Benlloch-Navarro, S.; Fernández-Carbonell, Á.; Ramírez-Lamelas, D.T.; Olivar, T.; Silvestre, D.; Poch, E.;
Miranda, M. Oxidative stress and autophagy-related changes during retinal degeneration and development. Cell Death Dis. 2018,
9, 812. [CrossRef]

57. Zhang, Z.Y.; Bao, X.L.; Cong, Y.Y.; Fan, B.; Li, G.Y.; Žerovnik, E. Autophagy in Age-Related Macular Degeneration: A Regulatory
Mechanism of Oxidative Stress. Oxid. Med. Cell. Longev. 2020, 2020, 2896036. [CrossRef]

58. Josifovska, N.; Albert, R.; Nagymihály, R.; Lytvynchuk, L.; Moe, M.C.; Kaarniranta, K.; Veréb, Z.J.; Petrovski, G. Resveratrol as
inducer of autophagy, pro-survival, and anti-inflammatory stimuli in cultured human RPE cells. Int. J. Mol. Sci. 2020, 21, 813.
[CrossRef]

59. Okamoto, T.; Ozawa, Y.; Kamoshita, M.; Osada, H.; Toda, E.; Kurihara, T.; Nagai, N.; Umezawa, K.; Tsubota, K. The neuroprotec-
tive effect of rapamycin as a modulator of the mTOR-NF-KB axis during retinal inflammation. PLoS ONE 2016, 11, e0146517.
[CrossRef]

60. De Marañon, A.M.; Iannantuoni, F.; Abad-Jiménez, Z.; Canet, F.; Díaz-Pozo, P.; López-Domènech, S.; Jover, A.; Morillas, C.;
Mariño, G.; Apostolova, N.; et al. Relationship between PMN-endothelium interactions, ROS production and Beclin-1 in type 2
diabetes. Redox Biol. 2020, 34, 101563. [CrossRef]

61. Wang, L.; Cano, M.; Handa, J.T. P62 provides dual cytoprotection against oxidative stress in the retinal pigment epithelium.
Biochim. Biophys. Acta Mol. Cell Res. 2014, 1843, 1248–1258. [CrossRef]

62. Duran, A.; Linares, J.F.; Galvez, A.S.; Wikenheiser, K.; Flores, J.M.; Diaz-Meco, M.T.; Moscat, J. The Signaling Adaptor p62 Is an
Important NF-κB Mediator in Tumorigenesis. Cancer Cell 2008, 13, 343–354. [CrossRef] [PubMed]

63. Su, J.; Liu, F.; Xia, M.; Xu, Y.; Li, X.; Kang, J.; Li, Y.; Sun, L. p62 participates in the inhibition of NF-κB signaling and apoptosis
induced by sulfasalazine in human glioma U251 cells. Oncol. Rep. 2015, 34, 235–243. [CrossRef]

64. Liu, W.J.; Ye, L.; Huang, W.F.; Guo, L.J.; Xu, Z.G.; Wu, H.L.; Yang, C.; Liu, H.F. p62 links the autophagy pathway and the
ubiqutin-proteasome system upon ubiquitinated protein degradation. Cell. Mol. Biol. Lett. 2016, 21, 29. [CrossRef] [PubMed]

65. Katsuragi, Y.; Ichimura, Y.; Komatsu, M. Regulation of the Keap1–Nrf2 pathway by p62/SQSTM1. Curr. Opin. Toxicol. 2016, 1,
54–61. [CrossRef]

66. Song, C.; Mitter, S.K.; Qi, X.; Beli, E.; Rao, H.V.; Ding, J.; Ip, C.S.; Gu, H.; Akin, D.; Dunn, W.A.; et al. Oxidative stress-mediated
NFeκB phosphorylation upregulates p62/SQSTM1 and promotes retinal pigmented epithelial cell survival through increased
autophagy. PLoS ONE 2017, 12, e0171940. [CrossRef]

67. Ichimura, Y.; Komatsu, M. Activation of p62/SQSTM1-keap1-nuclear factor erythroid 2-related factor 2 pathway in cancer. Front.
Oncol. 2018, 8, 210. [CrossRef] [PubMed]

68. Zhong, Z.; Umemura, A.; Sanchez-Lopez, E.; Liang, S.; Shalapour, S.; Wong, J.; He, F.; Boassa, D.; Perkins, G.; Ali, S.R.; et al.
NF-κB Restricts Inflammasome Activation via Elimination of Damaged Mitochondria. Cell 2016, 164, 896–910. [CrossRef]

69. Marchesi, N.; Thongon, N.; Pascale, A.; Provenzani, A.; Koskela, A.; Korhonen, E.; Smedowski, A.; Govoni, S.; Kauppinen,
A.; Kaarniranta, K.; et al. Autophagy Stimulus Promotes Early HuR Protein Activation and p62/SQSTM1 Protein Synthesis
in ARPE-19 Cells by Triggering Erk1/2, p38MAPK, and JNK Kinase Pathways. Oxid. Med. Cell. Longev. 2018, 2018, 4956080.
[CrossRef] [PubMed]

70. Mizushima, N.; Yoshimori, T. How to interpret LC3 immunoblotting. Autophagy 2007, 3, 542–545. [CrossRef]
71. Graf, M.R.; Jia, W.; Johnson, R.S.; Dent, P.; Mitchell, C.; Loria, R.M. Autophagy and the functional roles of Atg5 and beclin-1 in

the anti-tumor effects of 3β androstene 17α diol neuro-steroid on malignant glioma cells. J. Steroid Biochem. Mol. Biol. 2009, 115,
137–145. [CrossRef]

72. Kurz, T.; Karlsson, M.; Brunk, U.T.; Nilsson, S.E.; Frennesson, C. ARPE-19 retinal pigment epithelial cells are highly resistant
to oxidative stress and exercise strict control over their lysosomal redox-active iron. Autophagy 2009, 5, 494–501. [CrossRef]
[PubMed]

73. Yoshii, S.R.; Mizushima, N. Monitoring and measuring autophagy. Int. J. Mol. Sci. 2017, 18, 1865. [CrossRef] [PubMed]
74. Mitter, S.K.; Song, C.; Qi, X.; Mao, H.; Rao, H.; Akin, D.; Lewin, A.; Grant, M.; William, D., Jr.; Ding, J.; et al. Dysregulated

autophagy in the RPE is associated with increased susceptibility to oxidative stress Dysregulated autophagy in the RPE is
associated with increased susceptibility to oxidative stress and AMD. Autophagy 2014, 8627, 1989–2005. [CrossRef]

75. Chen, Y.; Sawada, O.; Kohno, H.; Le, Y.Z.; Subauste, C.; Maeda, T.; Maeda, A. Autophagy protects the retina from light-induced
degeneration. J. Biol. Chem. 2013, 288, 7506–7518. [CrossRef]

76. Wang, Y.Q.; Wang, L.; Zhang, M.Y.; Wang, T.; Bao, H.J.; Liu, W.L.; Dai, D.K.; Zhang, L.; Chang, P.; Dong, W.W.; et al. Necrostatin-1
suppresses autophagy and apoptosis in mice traumatic brain injury model. Neurochem. Res. 2012, 37, 1849–1858. [CrossRef]

77. Wei, Q.; Liang, X.; Peng, Y.; Yu, D.; Zhang, R.; Jin, H.; Fan, J.; Cai, W.; Ren, C.; Yu, J. 17B-Estradiol Ameliorates Oxidative Stress
and Blue Light-Emitting Diode-Induced Retinal Degeneration by Decreasing Apoptosis and Enhancing Autophagy. Drug Des.
Devel. Ther. 2018, 12, 2715–2730. [CrossRef] [PubMed]

78. Chen, Y.; Yan, Q.; Xu, Y.; Ye, F.; Sun, X.; Zhu, H.; Wang, H. BNIP3-mediated Autophagy Induced Inflammatory Response and
Inhibited VEGF Expression in Cultured Retinal Pigment Epithelium Cells Under Hypoxia. Curr. Mol. Med. 2019, 19, 395–404.
[CrossRef]

79. Hu, Z.; Zhang, J.; Zhang, Q. Expression pattern and functions of autophagy-related gene atg5 in zebrafish organogenesis.
Autophagy 2011, 7, 1514–1527. [CrossRef]

80. Chen, Y.; Perusek, L.; Maeda, A. Autophagy in light-induced retinal damage. Exp. Eye Res. 2016, 144, 64–72. [CrossRef]

http://doi.org/10.1038/s41419-018-0855-8
http://doi.org/10.1155/2020/2896036
http://doi.org/10.3390/ijms21030813
http://doi.org/10.1371/journal.pone.0146517
http://doi.org/10.1016/j.redox.2020.101563
http://doi.org/10.1016/j.bbamcr.2014.03.016
http://doi.org/10.1016/j.ccr.2008.02.001
http://www.ncbi.nlm.nih.gov/pubmed/18394557
http://doi.org/10.3892/or.2015.3944
http://doi.org/10.1186/s11658-016-0031-z
http://www.ncbi.nlm.nih.gov/pubmed/28536631
http://doi.org/10.1016/j.cotox.2016.09.005
http://doi.org/10.1371/journal.pone.0171940
http://doi.org/10.3389/fonc.2018.00210
http://www.ncbi.nlm.nih.gov/pubmed/29930914
http://doi.org/10.1016/j.cell.2015.12.057
http://doi.org/10.1155/2018/4956080
http://www.ncbi.nlm.nih.gov/pubmed/29576851
http://doi.org/10.4161/auto.4600
http://doi.org/10.1016/j.jsbmb.2009.03.013
http://doi.org/10.4161/auto.5.4.7961
http://www.ncbi.nlm.nih.gov/pubmed/19223767
http://doi.org/10.3390/ijms18091865
http://www.ncbi.nlm.nih.gov/pubmed/28846632
http://doi.org/10.4161/auto.36184
http://doi.org/10.1074/jbc.M112.439935
http://doi.org/10.1007/s11064-012-0791-4
http://doi.org/10.2147/DDDT.S176349
http://www.ncbi.nlm.nih.gov/pubmed/30233136
http://doi.org/10.2174/1566524019666190509105502
http://doi.org/10.4161/auto.7.12.18040
http://doi.org/10.1016/j.exer.2015.08.021


Biomolecules 2021, 11, 954 16 of 16

81. Kang, R.; Zeh, H.J.; Lotze, M.T.; Tang, D. The Beclin 1 network regulates autophagy and apoptosis. Cell Death Differ. 2011, 18,
571–580. [CrossRef]

82. Tang, J.Y.; Fang, Y.Y.; Edward, H.; Huang, Y.C.; Hsu, N.C.H.; Yang, W.C.; Chang, H.W.; Chai, C.Y.; Chu, P.Y. Immunopositivity of
Beclin-1 and ATG5 as indicators of survival and disease recurrence in oral squamous cell carcinoma. Anticancer Res. 2013, 33,
5611–5616. [PubMed]

83. Kauppinen, A.; Niskanen, H.; Suuronen, T.; Kinnunen, K.; Salminen, A.; Kaarniranta, K. Oxidative stress activates NLRP3
inflammasomes in ARPE-19 cells-Implications for age-related macular degeneration (AMD). Immunol. Lett. 2012, 147, 29–33.
[CrossRef] [PubMed]

84. Harris, J. Autophagy and IL-1 family cytokines. Front. Immunol. 2013, 4, 83. [CrossRef]
85. Wang, Y.; Hanus, J.W.; Abu-Asab, M.S.; Shen, D.; Ogilvy, A.; Ou, J.; Chu, X.K.; Shi, G.; Li, W.; Wang, S.; et al. NLRP3 upregulation

in retinal pigment epithelium in age-related macular degeneration. Int. J. Mol. Sci. 2016, 17, 73. [CrossRef]
86. Liu, T.; Zhang, L.; Joo, D.; Sun, S.C. NF-κB signaling in inflammation. Signal. Transduct. Target. Ther. 2017, 2, 17023. [CrossRef]
87. Ornatowski, W.; Lu, Q.; Yegambaram, M.; Garcia, A.E.; Zemskov, E.A.; Maltepe, E.; Fineman, J.R.; Wang, T.; Black, S.M. Complex

interplay between autophagy and oxidative stress in the development of pulmonary disease. Redox Biol. 2020, 36, 101679.
[CrossRef] [PubMed]

88. Xia, H.; Hu, Q.; Li, L.; Tang, X.; Zou, J.; Huang, L.; Li, X. Protective effects of autophagy against blue light-induced retinal
degeneration in aged mice. Sci. China Life Sci. 2019, 62, 244–256. [CrossRef]

89. Ozawa, Y. Oxidative stress in the light-exposed retina and its implication in age-related macular degeneration. Redox Biol. 2020,
37, 101779. [CrossRef]

90. Benedetto, M.M.; Contin, M.A. Oxidative stress in retinal degeneration promoted by constant LED light. Front. Cell. Neurosci.
2019, 13, 139. [CrossRef]

91. Natoli, R.; Jiao, H.; Barnett, N.L.; Fernando, N.; Valter, K.; Provis, J.M.; Rutar, M. A model of progressive photo-oxidative
degeneration and inflammation in the pigmented C57BL/6J mouse retina. Exp. Eye Res. 2016, 147, 114–127. [CrossRef] [PubMed]

92. Ryter, S.W.; Hong, P.K.; Hoetzel, A.; Park, J.W.; Nakahira, K.; Wang, X.; Choi, A.M.K. Mechanisms of cell death in oxidative stress.
Antioxidants Redox Signal. 2007, 9, 49–89. [CrossRef] [PubMed]

93. Howell, J.C.; Chun, E.; Farrell, A.N.; Hur, E.Y.; Caroti, C.M.; Iuvone, P.M.; Haque, R. Global microRNA expression profiling:
Curcumin (diferuloylmethane) alters oxidative stress-responsive microRNAs in human ARPE-19 cells. Mol. Vis. 2013, 19, 544–560.
[PubMed]

94. Tanida, I.; Ueno, T.; Kominami, E. LC3 and autophagy. Methods Mol. Biol. 2008, 445, 77–88. [CrossRef] [PubMed]
95. Golestaneh, N.; Chu, Y.; Xiao, Y.Y.; Stoleru, G.L.; Theos, A.C. Dysfunctional autophagy in RPE, a contributing factor in age-related

macular degeneration. Cell Death Dis. 2017, 8, e2537. [CrossRef]
96. Romanov, J.; Walczak, M.; Ibiricu, I.; Schüchner, S.; Ogris, E.; Kraft, C.; Martens, S. Mechanism and functions of membrane

binding by the Atg5-Atg12/Atg16 complex during autophagosome formation. EMBO J. 2012, 31, 4304–4317. [CrossRef]
97. Ma, D.; Panda, S.; Lin, J.D. Temporal orchestration of circadian autophagy rhythm by C/EBPβ. EMBO J. 2011, 30, 4642–4651.

[CrossRef]
98. Yao, J.; Jia, L.; Shelby, S.J.; Ganios, A.M.; Feathers, K.; Thompson, D.A.; Zacks, D.N. Circadian and noncircadian modulation of

autophagy in photoreceptors and retinal pigment epithelium. Investig. Ophthalmol. Vis. Sci. 2014, 55, 3237–3246. [CrossRef]
99. Ma, D.; Li, S.; Molusky, M.M.; Lin, J.D.; Lin, J. Circadian autophagy rhythm: A link between clock and metabolism? Trends

Endocrinol. Metab. 2012, 23, 319–325. [CrossRef]
100. Ryzhikov, M.; Ehlers, A.; Steinberg, D.; Xie, W.; Oberlander, E.; Brown, S.; Gilmore, P.E.; Townsend, R.R.; Lane, W.S.; Dolinay, T.;

et al. Diurnal Rhythms Spatially and Temporally Organize Autophagy. Cell Rep. 2019, 26, 1880–1892.e6. [CrossRef] [PubMed]
101. Lin, C.H.; Wu, M.R.; Huang, W.J.; Chow, D.S.L.; Hsiao, G.; Cheng, Y.W. Low-luminance blue light-enhanced phototoxicity in

A2E-Laden RPE cell cultures and rats. Int. J. Mol. Sci. 2019, 20, 1799. [CrossRef]
102. Abcouwer, S.F.; Shanmugam, S.; Gomez, P.F.; Shushanov, S.; Barber, A.J.; Lanoue, K.F.; Quinn, P.G.; Kester, M.; Gardner, T.W.

Effect of IL-1β on survival and energy metabolism of R28 and RGC-5 retinal neurons. Investig. Ophthalmol. Vis. Sci. 2008, 49,
5581–5592. [CrossRef] [PubMed]

103. Yang, D.; Elner, S.G.; Bian, Z.M.; Till, G.O.; Petty, H.R.; Elner, V.M. Pro-inflammatory cytokines increase reactive oxygen species
through mitochondria and NADPH oxidase in cultured RPE cells. Exp. Eye Res. 2007, 85, 462–472. [CrossRef] [PubMed]

104. Abe, T.; Sugano, E.; Saigo, Y.; Tamai, M. Interleukin-1β and barrier function of retinal pigment epithelial cells (ARPE-19): Aberrant
expression of junctional complex molecules. Investig. Ophthalmol. Vis. Sci. 2003, 44, 4097–4104. [CrossRef] [PubMed]

http://doi.org/10.1038/cdd.2010.191
http://www.ncbi.nlm.nih.gov/pubmed/24324106
http://doi.org/10.1016/j.imlet.2012.05.005
http://www.ncbi.nlm.nih.gov/pubmed/22698681
http://doi.org/10.3389/fimmu.2013.00083
http://doi.org/10.3390/ijms17010073
http://doi.org/10.1038/sigtrans.2017.23
http://doi.org/10.1016/j.redox.2020.101679
http://www.ncbi.nlm.nih.gov/pubmed/32818797
http://doi.org/10.1007/s11427-018-9357-y
http://doi.org/10.1016/j.redox.2020.101779
http://doi.org/10.3389/fncel.2019.00139
http://doi.org/10.1016/j.exer.2016.04.015
http://www.ncbi.nlm.nih.gov/pubmed/27155143
http://doi.org/10.1089/ars.2007.9.49
http://www.ncbi.nlm.nih.gov/pubmed/17115887
http://www.ncbi.nlm.nih.gov/pubmed/23559849
http://doi.org/10.1007/978-1-59745-157-4_4
http://www.ncbi.nlm.nih.gov/pubmed/18425443
http://doi.org/10.1038/cddis.2016.453
http://doi.org/10.1038/emboj.2012.278
http://doi.org/10.1038/emboj.2011.322
http://doi.org/10.1167/iovs.13-13336
http://doi.org/10.1016/j.tem.2012.03.004
http://doi.org/10.1016/j.celrep.2019.01.072
http://www.ncbi.nlm.nih.gov/pubmed/30759397
http://doi.org/10.3390/ijms20071799
http://doi.org/10.1167/iovs.07-1032
http://www.ncbi.nlm.nih.gov/pubmed/19037001
http://doi.org/10.1016/j.exer.2007.06.013
http://www.ncbi.nlm.nih.gov/pubmed/17765224
http://doi.org/10.1167/iovs.02-0867
http://www.ncbi.nlm.nih.gov/pubmed/12939333

	Introduction 
	Materials and Methods 
	PRGF 
	Cell Culture Experiments 
	Western Blotting 
	RNA Extraction and mRNA Analysis 
	Statistical Analysis 

	Results 
	NF-kB 
	p62/sqstm1 
	Atg5 
	LC3 
	Beclin1 
	IL1B 
	IL18 

	Discussion 
	Conclusions 
	References

