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Age-related macular degeneration (AMD) is a multifactor disease, which is primarily characterized by retinal pigment epithelium
(RPE) cell loss. Since the retina is the most metabolically active tissue, RPE cells are exposed to consistent oxidative environment.
So, oxidation-induced RPE cell death has long been considered a contributor to the onset of AMD. Here, we applied a retinal
degeneration (RD) rat model induced by blue light-emitting diode (LED) and a cell model constructed by H2O2 stimulus to
mimic the prooxidant environment of the retina. We detected that the expression of miR-27a was upregulated and the
expression of FOXO1 was downregulated in both models. So, we furtherly investigated the role of miR-27a-FOXO1 axis in
RPE in protesting against oxidants. Lentivirus-mediated RNA was injected intravitreally into rats to modulate the miR-27a-
FOXO1 axis. Retinal function and histopathological changes were evaluated by electroretinography (ERG) analysis and
hematoxylin and eosin (H&E) staining, respectively. Massive photoreceptor and RPE cell death were examined by terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL). The damage to the retina was aggravated in the
FOXO1 gene-knockdown and miR-27a-overexpression groups after exposure to LED but was alleviated in the FOXO1
gene-overexpression or miR-27a-knockdown groups. Dual luciferase assay was used to detect the binding site of miR-27a
and FOXO1. Upregulated miR-27a inhibited the expression of FOXO1 by directly binding to the FOXO1 mRNA 3′UTR
and decreased the autophagy activity of ARPE-19 cells, resulting in the accumulation of reactive oxygen species (ROS) and
decrease of cell viability. The results suggest that miR-27a is a negative regulator of FOXO1. Also, our data emphasize the
prominent role of miR-27a/FOXO1 axis in modulating ROS accumulation and cell death in RPE cell model under
oxidative stress and influencing the retinal function in the LED-induced RD rat model.

1. Introduction

Age-related macular degeneration (AMD) is one of the prin-
ciple causes of central vision decline and irreversible blind-
ness in the elderly over 50 years old [1, 2]. It has been
estimated that the number of patients diagnosed with
AMD will reach 288 million by 2040 [3]. The most severe
challenge to us is the lack of effective diagnostic strategies
and interventions for early-stage AMD. Most patients are
diagnosed at advanced stages and develop geographic atro-

phy (GA) or choroidal neovascularization (CNV) in the
macula, leading to severe retinal pigment epithelial (RPE)
cell and photoreceptor loss and irreversible blindness [4].
RPE plays a role as protector and scavenger to the retina.
The main function of RPE is to maintain the blood-retinal
barrier and phagocyte photoreceptor outer segment disks.
In early AMD, RPE dysfunction is thought to be the primary
change, after which progressive photoreceptor loss occurs.
The health of RPE is of great importance to retinal function.
Since the retina is a high oxygen demanding tissue, continu-
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ous exposure to light and strong oxygen metabolism force
RPE to deal with a large amount of oxidative products,
including reactive oxygen species (ROS) and lipofuscin [5].
Therefore, it is speculated that the aberrant antioxidant
defense or the accumulation of oxidative damage may cause
RPE dysfunction, furtherly inducing AMD [6, 7]. Thus, the
establishment of an oxidative stress model is valuable to
study the mechanism of AMD.

MicroRNAs (miRNAs) are a group of small noncoding
RNAs (19-25 bp long) that regulate gene expression post-
transcriptionally by binding to the 3′-untranslated regions
(UTRs) of their target mRNA [8]. Studies have shown that
miRNAs participate in the inflammatory response, oxidative
stress, angiogenesis, and tumorigenesis [9, 10]. miRNAs also
play a significant role in modulating biogenesis and differenti-
ation of ocular cells. The preliminary study of our group
suggested that miR-27a is upregulated in the blood of AMD
patients compared with controls [11]. However, the questions
of whether and how miR-27a takes part in AMD pathogenesis
remained to be answered. Zhao et al. found that diabetes-
induced oxidative stress increased miR-27a, and Deng et al.
demonstrated that polycyclic aromatic hydrocarbon-
associated oxidative stress induced the upregulation of miR-
27a, in coke oven plants [12, 13]. Therefore, we hypothesize
that miR-27a is an oxidation-related miRNA and can modu-
late RPE cell function under oxidative circumstance.

FOXO family member proteins, taking part in multiple
intracellular signaling pathways, play an important role in reg-
ulating oxidative stress, autophagy, and apoptosis [14, 15].
Prooxidants have been demonstrated to activate the Akt-
FOXO1 signaling pathway in RPE cells, which promotes Akt
phosphorylation and reduces downstream FOXO1 expression
[16]. Through prediction analysis via the TargetScan website,
we proposed that the 3′UTR of FOXO1 may be a potential
binding site of miR-27a. To verify the association between
miR-27a and FOXO1 and their role in regulating RPE cell
function, additional studies need to be performed.

In this work, we aimed at unveiling the role of miR-27a-
FOXO1 axis in RPE cells under oxidative stress and in blue
light-emitting diode- (LED-) induced retinal degeneration
(RD) rat model. Our data emphasize the crucial role of
ROS-miR-27a-FOXO1-autophagy feedback loop in regulat-
ing oxidative stress-induced cell death.

2. Materials and Methods

2.1. Experimental Animals.Male SD rats (age: 6–8 weeks old;
weight: 180–240 g) were used for all relative experiments. All
the animals were cared for by the Animal Experiment Cen-
ter at Shanghai Tenth People’s Hospital on the basis of the
Association for Research in Vision and Ophthalmology
(ARVO) Statement for the Use of Animals in Ophthalmic
and Vision Research. All the rats were given free access to
food and drinking water and were raised in a room with
constant temperature (22°C). The facility is also equipped
with an artificial 12 h light/dark cycle. All animal experi-
ments were authorized by the institutional review board of
Shanghai Tenth People’s Hospital.

2.2. Blue LED Exposure. After 24 hours of dark adaptation,
SD rats were topically treated with the eye drops of 0.5% tro-
picamide and 0.5% phenylephrine hydrochloride (Santen,
Osaka, Japan). Wait for 30 minutes to ensure the pupil is
sufficiently dilated. Next, the rats were given blue LED expo-
sure (3000 lux; 460 ± 10nm) for 2 hours (9:00 AM-11:00
AM) in a cage-like device. After the blue LED irradiation,
the rats were displaced to a dark environment for 24 hours,
then to the normal feeding environment.

2.3. Electroretinography. Electroretinography (ERG) responses
assays were performed at 0, 3, 7, 14, and 28 days after light
exposure. All the rats were dark adapted for 16 hours prelim-
inarily. The manipulations were performed under a dim red
light. The rats were anesthetized by an intraperitoneal injec-
tion of sodium pentobarbital (50mg/kg) and an intramuscular
injection of xylazine (6mg/kg) before examination. Two gold
wire ring contactors were put on the superficial corneal of both
eyes, and the reference electrode was inserted into the middle
of brow arch of the rat. The ground needle electrode was fixed
subcutaneously at the rat’s tail. Rats received a single light-
flash stimulus (3000 cd/m2 for 10ms). The amplitude of the
a-wave is measured from the baseline to the bottom peak of
the a-wave, and the amplitude of the b-wave is measured from
the bottom peak of the a-wave to the apical point of the b-
wave.

2.4. Hematoxylin and Eosin Staining. The rats were sacri-
ficed after 0, 3, 7, 14, and 28 days of animal model establish-
ment, and eyes were immersed in 4% paraformaldehyde for
24 h to be fixed. After fixation, paraffin-embedded serially
sections of 3μm were cut carefully and then stained with
hematoxylin-eosin (H&E). Photos were taken of the sections
using a light microscope (Leica Microsystems, Wetzlar,
Germany).

2.5. Immunohistochemistry. Immunohistochemical assay
was conducted on the retinal tissue sections from the blue
light-treated group and control group 0, 3, 7, 14, and 28 days
after animal model establishment. The slides were dewaxed
and rehydrated in the standard manner. 5% bicinchoninic
acid (BCA) was used to block the slides (room temperature
for 30 minutes). The sections were treated with the primary
FOXO1 antibody (Cell Signaling Technology, Danvers,
USA) (diluted 1 : 100 in blocking buffer), subsequently incu-
bated overnight at 4°C. After incubation, the secondary anti-
body (1 : 200; Beyotime Institute of Biotechnology, Haimen,
China) was used for incubation at 37°C for 30 minutes. Next,
the sections were incubated with HRP-labeled avidin (Beyo-
time Institute of Biotechnology, Haimen, China) at 37°C for
30 minutes. At last, the sections should be treated with
diaminobenzidine for visualization and with hematoxylin
for counterstaining. The images were captured by a micro-
scope (Leica Microsystems, Wetzlar, Germany).

2.6. Terminal Deoxynucleotidyl Transferase-Mediated dUTP
Nick End Labeling. The rats were killed in 0, 3, 7, 14, and
28 days after animal model establishment, and histological
sections were obtained. Apoptotic cell death was detected
with terminal deoxynucleotidyl transferase-mediated dUTP
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nick end labeling (TUNEL) assay kit (Roche, Basel, Switzer-
land) according to the protocol provided by its manufacturer.
The sections were treated with diaminobenzidine and then
with hematoxylin. The sections were examined by a micro-
scope equipped with epifluorescence (Leica, Heidelberg,
Germany).

2.7. Intravitreal Administration in Rats. The rats were anes-
thetized with sodium pentobarbital (30mg/kg; Shanghai
Zangu Biotechnology Co., Ltd., Shanghai, China). Next,
proparacaine hydrochloride eye drops (Alcon Ophthalmic
Product Co., Ltd., TX, USA) were given to the experimental
eyes for topical anesthesia. miR-27a and FOXO1 knockdown
or overexpression was mediated by Lentivirus that was
injected into the vitreous cavity of rats. The pleno-gph-
FOXO1, which contains the rat FOXO1 RNA interference
target GCAGCAGACACCTTGCTATTC, was integrated
into the CMV-MCS-EF1α-GFP-t2a-PURO lentiviral vector
(Zorinbio Biotech Company, Shanghai, China) between the
BamhI and EcoRI restriction enzyme sites following the
CMV promoter. The oligo sequences are 5′-GATCCGCAG
CAGACACCTTGCTATTCCTTCCTGTCAGAGAATAG
CAAGGTGTCTGCTGCTTTTTG-3′ (sense) and 5′-AATT
CAAAAAGCAGCAGACACCTTGCTATTCTCTGACAG
GAAGGAATAGCAAGGTGTCTGCTGC G-3′ (antisense).
Using the above method, we synthetize another lentiviral
vector named pleno-gph-rno-mir-27a-3p containing the rat
rno-mir-27a-3p RNA interference target GTTCACAGCGG
CTAAGTCCTGC. Its oligo sequences are 5′-GATCCG
TTCACAGCGGCTAAGTCCTGCCTTCCTGTCAGAGC
GGAACTTAGCCACTGTGAATTTTTG-3′ (sense) and 5′-
AATTCAAAAAGTTCACAGCGGCTAAGTCCTGCTCTG
ACAGGAAGGCGGAACTTAGCCACTGTGAAG-3′ (anti-
sense). The mock vector, which was synthesized without the
target gene, was used as the negative control that is a blank
virus. The lentiviral titer was 1 × 105 infectious units per
ml. During the operation, the action is as gentle as possible,
avoiding lens damage and vitreoretinal injury.

2.8. RNA Isolation and Quantitative Real-Time Polymerase
Chain Reaction. RNA was extracted from RPE samples of
rats and ARPE-19 cells using TRIzol reagent (Invitrogen
Corporation, CA, USA) based on the manufacturer’s proto-
cols. Complementary DNA was synthesized by 1μg of total
RNA at 37°C for 15 minutes and 85°C for 5 seconds using
a reverse transcription kit (Takara, Ohtsu, Shiga, Japan).
The SYBR Green I reaction system kit (Toyobo CO., Ltd.,
Japan) was applied for quantitative real-time polymerase
chain reaction (qRT-PCR). The expression of miR-27a and
mRNA of FOXO1 was calculated by the 2(-ΔΔCT) method.
Primers of miR-27a and U6 were obtained from Ribobio
(Guangzhou, China). Other primers (Sangon Biotech, Shang-
hai, China) are as follows: human FOXO1 (forward: 5′-
AGGGTTAGTGAGCAGGTTACAC-3′ and reverse: 5′-
CTGCACACATTGGGCAAACA-3′); rat FOXO1 (forward:
5′-GGCGGGCTGGAAGAATTCAA-3′ and reverse: 5′-
GAGCTGGTTCGAGGACGAAA-3′); human GAPDH (for-
ward: 5′-GACTCATGACCACAGTCCATGC-3′ and reverse:

5′-AGAGGCAGGGATGATGTTCTG-3′); and rat GAPDH
(forward: 5′-TTGTGCAGTGCCAGCCTC-3′ and reverse:
5′-GATGGTGATGGGTTTCCCGT-3′).

2.9. Western Blotting. The samples were lysed by RIPA lysis
buffer (Beyotime Biotechnology, Nanjing, Jiangsu, China)
which contains a protease inhibitor cocktail (EMD Milli-
pore, Billerica, MA, USA) on ice for 30 minutes. Samples
should be shaken slightly during lysis to ensure reacting
sufficiently. All subsequent protein extracting procedures
were performed in a standard manner. Then, standard
electrophoresis procedure was performed and the proteins
were transferred to nitrocellulose membranes, followed by
blocking for 1 h. Subsequently, the membranes were treated
with anti-FOXO1 antibody (1 : 1000; Cell Signaling Technol-
ogy, Danvers, USA), β-actin antibody (1 : 1000; Cell Signal-
ing Technology, Danvers, USA), and LC3B-I/II antibody
(1 : 1000; Cell Signaling Technology, Danvers, USA) over-
night at 4°C and then with secondary antibody (1 : 1000; Cell
Signaling Technology, Danvers, USA) for 1 h at room tem-
perature. The results were obtained by the Odyssey Infrared
Laser Imaging system (LI-COR Corporate, NE, USA).

2.10. Culture of ARPE-19 Cells. The human retinal pigment
epithelial cell line (ARPE-19) was obtained from the iCell
Bioscience Company (Heidelberg, Australia). The cells were
supplied with DMEM/F-12 (Thermo Fisher Scientific, Wal-
tham, MA, USA) added with 10% fetal bovine serum (FBS),
100U/ml penicillin, and 100mg/ml streptomycin. The cells
were cultured at 37°C under an atmosphere of 5% CO2.
The ARPE-19 cell culture medium was changed every two
days. The cell morphology was observed and photographed
under an inverted microscope.

2.11. Cell Viability Assay. ARPE-19 cells were seeded in a 96-
well plate (Corning Incorporated, NY, USA; 30,000
cells/cm2) and then were treated with 0, 100, 200, 400, and
800μM of H2O2 for 0.5 h, 1 h, 1.5 h, 2 h, 2.5 h, and 3h,
respectively. After stimulation at the indicated times, 10μl
of CCK-8 solution (Yeasen, Shanghai, China) was added to
each well to detect cell viability. The cell viability was
denoted by the absorption at 450nm wavelength, which
was detected with a microplate reader (Synergy H4; BioTek,
Winooski, VT, USA).

2.12. Transfection Assays. Stably growing ARPE-19 cells
were seeded in a 6-well plate (Corning Incorporated, NY,
USA) at 10 × 104 cells/well. When the cells met the conflu-
ence between 30% and 50% within 24 h, the culture medium
was discarded and PBS was used for washing. Next, 1ml of
Opti-MEM medium containing the lipo2000-miRNA mimic
mixture was applied in transfection. After 6 h’s contacting,
the Opti-MEM medium was discarded, the cells were
washed with PBS, and then, 2ml of fresh F12 complete
medium was added to the culture well. After 48 hours, the
transfection efficiency was monitored by qRT-PCR.

2.13. Dual Luciferase Reporter Gene. The psiCHECK vec-
tor (Promega, Madison, USA) was constructed from
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wild-type 3′-UTR of FOXO1 or mutant 3′-UTR of FOXO1,
respectively. The cells were plated into 48-well plates (Corn-
ing Incorporated, NY, USA) and grew to 80% confluence
within 12h. Then, plasmid and miRNA oligo were cotrans-
fected into cells. Firefly luciferase (FL) and Renilla luciferase
(RL) intensities were monitored after 24 h according to the
manufacturer’s protocol (Promega, Madison, USA). The RL
intensities were normalized to FL intensities and denoted
by fold change relative to the control group.

2.14. Measurement of Intracellular ROS. ARPE-19 cells with
stable growth were plated into confocal microscope dishes at

4:0 ∗ 104 cells per well. When the cells reached to 50-70%
confluence, they were pretreated with 200nM rapamycin or
1mM 3-MA for 2 h. Then, H2O2 was added for 0.5 h. Next,
1μl of a H2DCFDA probe (Sigma-Aldrich, St Louis, USA)
was added to the dishes. Photos were taken by a confocal
microscope every minute. After that, we used flow cytometry
to quantify the production of ROS in cells with different con-
ditions as indicated in results and the H2DCFDA probe was
used following the manufacturer’s instruction.

2.15. Statistical Analysis. All data in this study were
represented as means ± standard deviation (SD). One-way
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Figure 1: Functional and histological assessment of the RD rat model. (a) Representative ERG response graph of the control group and RD
model group at the indicated times. All ERG waves gradually decreased with time. (b) ERG amplitudes of the a-waves and b-waves. (c)
Representative H&E staining of retinal sections from the control group and RD rat model group at the indicated time points. There is an
obvious disorder of retinal structure and a decrease of retinal thickness over time (scale bar = 50 μM). (d) Statistical analysis of the ONL
thickness in the above groups (superior to inferior from the optic nerve head). The data are calculated as means ± SD. ∗P < 0:05, ∗∗P <
0:01, and ∗∗∗∗P < 0:0001, comparisons versus control, n = 6 (eye samples in each group).
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analysis of variance (ANOVA) or unpaired t-tests (two
tailed) were performed appropriately to evaluate the signif-
icance of difference between two groups. Statistical graphs
were produced by GraphPad Prism version 6.0 (GraphPad,
USA). Statistical analyses were conducted with GraphPad
Prism or Statistical Product and Service Solutions 23.0
(SPSS 23.0) software (IBM, Armonk, NY, USA). Values of
P < 0:05 were considered to be statistically significant.

3. Results

3.1. Blue LED Exposure Induces Retinal Degeneration (RD).
Here, we used blue LED to induce the retinal degeneration

model in rats and detected the expression of miR-27a and
FOXO1 in that model. First, we evaluated whether the RD
rat model was successfully established. ERG recordings were
performed at 0 h, 3 d, 7 d, 14 d, and 28 d after blue LED expo-
sure to evaluate the physiology function of the retina. The
amplitudes of the a-waves and b-waves of all blue LED-
exposed animals were markedly decreased compared with
those of the control group. Moreover, the amplitudes
showed progressive reduction in a time-dependent manner
(Figures 1(a) and 1(b)). To investigate the influences of blue
LED emissions on retinal morphology, H&E staining was
conducted at the time points of 0 h, 3 d, 7 d, 14 d, and 28d
after blue LED stimuli. The blue LED-exposed group
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Figure 2: FOXO1 and miRNA-27a expression after blue LED exposure in vivo. (a) The FOXO1 protein levels were examined by
immunohistochemistry after blue LED exposure at the indicated times (scale bar = 50 μM). (b) The western blot analysis and the
statistical results of FOXO1 protein levels in the RPE-choroid-sclera complex at the indicated times after blue LED exposure. (c, d) The
FOXO1 mRNA levels and miRNA-27a expression levels of the RPE-choroid-sclera complex were detected by qRT-PCR at the indicated
times after blue LED exposure; 2(-ΔΔCT) method was used for quantification analysis. The data are expressed as means ± SD. ∗P < 0:05,
∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001, comparisons versus control, n = 6 (eye samples in each group).
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Figure 3: Continued.
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Figure 3: Continued.

7BioMed Research International



exhibited significant retinal structure disorder, massive pho-
toreceptor loss, and significant decline of the thickness of
ONL compared with the control group (Figures 1(c) and
1(d)). Our results demonstrated that blue LED successfully
induced retinal degeneration in rats and the characteristics
of this model (RPE cells and photoreceptors loss) can mimic
the feature of AMD in some degree.

3.2. Expression and Effects of miR-27a-FOXO1 Axis in the
RD Rat Model. As we previously showed that miR-27a is
upregulated in the peripheral blood of AMD patients, we
detected the expression levels of miR-27a and its predicted
target gene FOXO1 in retinal tissues by qRT-PCR, immu-
nohistochemistry, and western blotting. The results indicated
that the expression levels of miR-27a were increased with the
exposure time of blue LED while the FOXO1 mRNA and pro-
tein levels showed an inverse tendency (Figures 2(a)–2(d)).

Thus, we hypothesized that the miR-27a-FOXO1 axis
might participate in the onset of retinal degeneration. To
clarify the exact role of this axis, we used lentiviral to mod-
ulate the expression of FOXO1 and miR-27a in the retina
of rats. We first verified the effectiveness of the lentiviral
(Figures 3(a) and 3(b)). After that, ERG, H&E staining,
and TUNEL assays were performed to monitor the physi-
ology, morphology, and apoptosis of the retinal and RPE
(cells) in rats. As shown in the ERG assay at time points
of 0 h, 7 d, 14 d, and 28d after blue LED exposure, there
was a more severe functional damage in the FOXO1-
knockdown group and miR-27a-overexpression group.
Conversely, we observed a dramatic increase in the mean
amplitudes of a- and b-waves in the FOXO1-overexpression
group and miR-27a-knockdown group (Figures 3(c) and
3(d)). The results indicated that the abnormal miR-
27a/FOXO1 expression may aggravate retinal damage. Con-

sistent with the ERG assay, more severe disruption of the ret-
inal morphology was detected in the FOXO1-knockdown
group and miR-27a-overexpression group. As expected, the
FOXO1-overexpression group and miR-27a-knockdown
group demonstrated slighter disruption of the retinal structure
as reflected by the more regular RPE layer, the less photore-
ceptor loss, and the maintenance of ONL thickness
(Figures 3(e) and 3(f)). Furthermore, we conducted TUNEL
analysis to assess the apoptotic rate of retinal cells.
Figure 3(g) shows that both the FOXO1-knockdown group
and miR-27a-overexpression group had more retinal cells
death (both RPE cells and photoreceptors) after blue LED
exposure. Meanwhile, the apoptotic rate was decreased in the
FOXO1-overexpression group and miR-27a-knockdown
group. Our results demonstrated that blue LED enhanced
miR-27a expression and suppressed the expression of FOXO1.
Additionally, overexpression of miR-27a and downregulation
of FOXO1 led to more severe damage both in retinal function
and structure after blue LED exposure.

3.3. H2O2 Induces Abnormal Expression of miR-27a-FOXO1
Axis in ARPE-19 Cells. Because RPE is the important sus-
tainer of outer retinal function, the pathological changes of
outer retina are frequently secondary to the damage of
RPE. Thus, we speculate that dysfunction of RPE cells plays
a significant role in the miR-27a-related oxidative retinal
injury. We treated ARPE-19 cells with different concentra-
tions of H2O2 for 0.5 h (Figure 4(a)) and with 100μM or
200μM H2O2 for 0.5 h to 3 h (Figures 4(b) and 4(c)) to
establish the oxidative cell model. ARPE-19 cells manifested
a decline in cell viability when they were stimulated with
H2O2. To mimic the oxidative environment and retain cell
function as more as possible, we chose 100μM H2O2 for
0.5 h to induce the oxidative cell model. Next, we used

Control-Vector FOXO1 OE FOXO1 shRNA miR-27a shRNA miR-27a OE

ONL
RPE

Day 0

Day 7

Day 14

Day 28

(g)

Figure 3: The morphological and functional changes after modulating miR-27a-FOXO1 axis in the RD rat model. (a) The relative
expression level of miR-27a of rats treated with miR-27a OE (miR-27a overexpression) and miR-27a shRNA. (b) The relative expression
level of FOXO1 mRNA of rats treated with FOXO1 OE (FOXO1 overexpression) and FOXO1 shRNA. (c, d) The representative images
and mean amplitudes of ERG responses in 3000-lux blue LED-exposed retinas of the control blank and experimental Lentivirus-
mediated injection groups at different time points (e, f) H&E staining of retinal sections and the ONL thickness measurement of the
control blank Lentivirus and experimental Lentivirus-mediated injection groups at different time points after blue LED exposure
(scale bar = 50μM). (c) TUNEL of representative sections from the control blank Lentivirus and experimental Lentivirus-mediated
injection groups at different time points (Scale bar =50 μM). The data are analyzed as means ± SD. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P <
0:001, comparisons versus control, n = 6 (eye samples in each group).

8 BioMed Research International



100μM and 200μM H2O2 to treat ARPE-19 cells for 0.5
hours and found that the expression of miR-27a was upreg-
ulated, while the expression of FOXO1 mRNA was down-
regulated in a dose-dependent manner (Figures 4(d) and
4(e)). The results demonstrated a similar tendency of miR-
27a-FOXO1 axis in the oxidative cell model with that in
our rat model. Moreover, FOXO1 mRNA level was signifi-

cantly downregulated when ARPE-19 cells were transfected
with si-FOXO1 for 48h (Figure 4(f)).

Western blotting and qRT-PCR were performed to eval-
uate whether miR-27a can modulate FOXO1 expression in
ARPE-19 cells. As shown in Figure 5(a), transfection of the
miR-27a mimic significantly upregulated the expression of
miR-27a while transfection of the miR-27a inhibitor
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Figure 4: Establishment of the oxidative stress response model in vitro in ARPE-19 cells. (a) ARPE-19 cells were treated with 100-800μM
H2O2 for 0.5 h, and cell viability was measured at a wavelength of OD = 450 by CCK-8 assay. (b, c) ARPE-19 cells were under 100 and
200μM H2O2 treatment for 0.5–3 h, and cell viability was measured by CCK-8 assay. (d, e) Quantitative real-time PCR results of the
relative miRNA-27a and FOXO1 mRNA expression level of ARPE-19 cells under H2O2 treatment; 2(-ΔΔCT) method was used for
quantification analysis. (f) Quantitative real-time PCR was applied to analyze the FOXO1 mRNA expression in ARPE-19 cells
transfected with the si-FOXO1 compared with the NC group; 2(-ΔΔCT) method was used for quantification analysis. The data are
expressed as means ± SD. ∗∗P < 0:01 and ∗∗∗P < 0:001. All experiments were repeated three times independently.
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repressed the expression of miR-27a slightly. Furtherly, we
detected the FOXO1 protein level in cells transfected with
miR-27a, miR-27a inhibitor, and miR-NC. Results showed
that overexpression of miR-27a is correlated with suppres-
sion of FOXO1 (Figure 5(b)). To further investigate whether
miR-27a exerts its function by binding to the 3′-UTR region
of FOXO1 mRNA, we conducted luciferase report assay. As

shown in Figures 5(c) and 5(d), luciferase activity was
repressed significantly in miR-27a overexpressed cells. Then,
we detected a diminished luciferase intensity when we gener-
ated a mutation at the binding site of miR-27a and FOXO1
mRNA and treated the mutated cells with miR-27a mimic.
Therefore, these results together allowed us to conclude that
H2O2 treatment of ARPE-19 cells promotes miR-27a
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Figure 5: miRNA-27a regulates FOXO1 expression through binding to the 3′-UTR region. (a) ARPE-19 cells were transfected with negative
control, miRNA-27a mimic, and miRNA-27a inhibitor for 48 hrs, and qRT-PCR was applied to show the relative abundance of miRNA-27a
in ARPE-19 cells. U6 was applied as an internal control. (b) Negative control, miRNA-27a mimic, and miRNA-27a inhibitor were
transfected into ARPE-19 cells for 48 hrs, and the FOXO1 protein levels were measured by western blotting. Actin was used as an
internal control. (c) The dual luciferase assay verified the binding site of miRNA-27a to the FOXO1 3′-UTR. ARPE-19 cells were
transfected with wild-type FOXO1 or mutant-type FOXO1 with negative control and miRNA-27a mimic, respectively, for 48 hrs, and the
dual luciferase activity was measured. (d) The 3′-untranslated region of FOXO1 mRNA targeted by miRNA-27a was predicated through
the TargetScan website. The data are expressed as means ± SD. ∗P < 0:05 and ∗∗∗P < 0:001. All experiments were repeated three times
independently.
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Figure 6: Continued.

11BioMed Research International



expression and miR-27a targets the 3′-UTR of FOXO1
mRNA and then inhibits its gene expression.

3.4. miR-27a-FOXO1 Axis Regulates Cell Viability through
Inhibiting Autophagy and Antioxidation. The preceding
results suggested that abnormal miR-27a-FOXO1 axis
induces functional and structure damage of the rat retina.
FOXO1 participates in various cell functions including
autophagy, antioxidation, and apoptosis through modulat-
ing the transcription of its downstream genes [17]. Thus,
to understand the specific mechanism in our oxidative cell
model, we transfected the miR-27a mimic, miR-27a inhibi-
tor, and si-FOXO1 into ARPE-19 cells and monitored
changes in the cell viability, autophagy, and ROS levels. First,
we detected the autophagy level of ARPE-19 cells when
treated with H2O2 independently or with rapamycin and 3-
MA, respectively. Figure 6(a) showed that H2O2 could
enhance autophagy level of ARPE-19 cells. Treatment with
rapamycin also enhanced autophagy level while 3-MA
significantly inhibited cell autophagy activity. Then, we pre-
treated cells with 200nM rapamycin or 1mM 3-MA and
then challenged with 100μM H2O2. Results demonstrated
that rapamycin could furtherly enhance the autophagy activ-
ity of cells exposed to H2O2 while 3-MA showed a reverse
tendency (Figure 6(b)). After that, we questioned whether
miR-27a-FOXO1 axis can modulate autophagy in ARPE-
19 cells. Western blot analysis showed that the ratio of
LC3B-II/LC3B-I was dramatically decreased in the oxidative
cells transfected with the miR-27a mimic and si-FOXO1,
while an opposite response was observed for cells transfected
with the miR-27a inhibitor (Figures 6(c) and 6(d)). Atg12, a
downstream autophagic-related gene of FOXO1, was also
repressed when cells were treated with miR-27a mimics and
si-FOXO1. This may partially account for the correlation of
expression of FOXO1 and autophagic activity in ARPE-19
cells. Our results demonstrated that the overexpression of

miR-27a inhibited autophagy level through targeting FOXO1
and inhibiting expression of Atg12 in ARPE-19 cells.

Next, the CCK-8 assay was conducted to evaluate
whether miR-27a-FOXO1 axis regulates cell viability under
an oxidative status (Figures 7(a) and 7(b)). Cells received
exposure to 100μM H2O2 for 0.5 h to induce oxidative
stress, and we noticed more retention of cell viability in
groups treated with 200nM and 1000nM rapamycin while
we observed a cell viability decline when cells were treated
with 1mM and 8mM 3-MA (Figure 7(a)). Moreover, miR-
27a mimic and si-FOXO1 transfection also reduced the cell
viability in oxidative circumstance (Figure 7(b)). It is notice-
able that rapamycin enhanced the cell viability in the NC
group but with a lesser extent in the miR-27a and si-
FOXO1 group. Together, these results indicated that the
inhibition of autophagy by miR-27a-FOXO1 axis caused a
cell viability decrease when they are exposed on H2O2, while
the promotion of autophagy by rapamycin partially rescued
this H2O2-induced cell death if the miR-27a-FOXO1 axis is
not extremely aberrant activated. To take a further step in
unraveling the mechanism of miR-27a-correlated cell death,
we measured the ROS levels in ARPE-19 cells. As shown in
Figure 7(c), ARPE-19 cells pretreated with rapamycin had a
lower fluorescence intensity while cells pretreated with 3-
MA had a higher fluorescence intensity. Our results con-
firmed that promotion of autophagy in ARPE-19 cells could
significantly reduce the cytosolic ROS level. Next, we ques-
tioned whether the aberrant activation of miR-27a/FOXO1
axis could promote ROS accumulation in ARPE-19 cells.
We used a confocal microscope to monitor the ROS level
in a time-dependent manner. Figure 7(d) showed that the
fluorescence of ROS occurred earlier in the miR-27a and
si-FOXO1 transfected group, which means higher cytosolic
ROS levels, while cells transfected with miR-27a inhibitor
had a slower fluorescence augmentation. Taken together,
our results demonstrate that the miR-27a/FOXO1 axis could
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Figure 6: The miRNA-27a-FOXO1 axis regulates ARPE-19 cell autophagic activity. (a) ARPE-19 cells were treated with different
concentrations of H2O2, 3-MA, or rapamycin, and the expression of autophagic protein LC3B-II was detected by western blotting. Actin
was used as an internal control. (b) Cells were pretreated with vehicle, rapamycin (200 nM), or 3-MA (1mM), respectively, and then
challenged with H2O2 (100 μM). LC3B-II protein levels were detected by western blot assay. (c) Western blot results of ARPE-19 cells
transfected with miR-27a, miR-27a inhibitor, or miR-NC. (d) ARPE-19 cells were transfected with si-NC or FOXO1 siRNA for 48 hrs,
and the expression levels of FOXO1, Atg12, and LC3B-II were examined by western blotting. Actin was used as an internal control. The
data are shown as means ± SD. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001. All experiments were repeated three times
independently.

12 BioMed Research International



Co
nt

ro
l

V
eh

ic
le

Ra
pa

 2
00

 n
m

Ra
pa

 1
00

0 
nm

3-
M

A
 1

 m
M

3-
M

A
 8

 m
M

H2O2 100 𝜇M

0.0

0.5

1.0

1.5

Ce
ll 

vi
ab

ili
ty

 (O
D

 =
 4

50
) ⁎⁎⁎

⁎⁎⁎

⁎⁎

(a)

V
eh

ic
le

Ra
pa

 2
00

 n
m

Ra
pa

 1
00

0 
nm

H2O2 100 𝜇M

0.0

0.4

0.2

0.6

0.8

Ce
ll 

vi
ab

ili
ty

 (O
D

 =
 4

50
)

NC
miR-27a
si-FOXO1

⁎⁎⁎
⁎⁎⁎⁎⁎⁎

⁎⁎⁎

⁎⁎⁎
⁎⁎⁎
⁎⁎

⁎

(b)

Vehicle Rapamycin 200 nM 3-MA 1 mM

H2O2 100 𝜇M

(c)

Figure 7: Continued.

13BioMed Research International



NC

Time

Ti
m

e
Ti

m
e

Ti
m

e
Ti

m
e

Time

Time

Time

miR-27a

si-FOXO1

miR-27
inhibitor

(d)

V
eh

ic
le

Ra
pa

 2
00

 n
M

3-
M

A
 1

 m
M

H2O2 100 𝜇M

0

20000

40000

60000

FI
TC

-A
 m

ea
n

⁎⁎

(e)

N
C

m
iR

-2
7a

si-
FO

XO
1

0

5000

10000

25000

FI
TC

-A
 m

ea
n

15000

20000 ⁎⁎

⁎⁎⁎

(f)

Figure 7: The perturbation of miRNA-27a-FOXO1 axis reduces antioxidative ability of ARPE-19 cell in an autophagy-dependent way. (a)
ARPE-19 cells were pretreated with the indicated concentrations of rapamycin and 3-MA for 2 hrs and were stimulated with H2O2
(100 μM), and then, the cell viability was measured by CCK-8 assay. (b) ARPE-19 cells were transfected with the negative control,
miRNA-27a, and FOXO1 siRNAs for 48 hrs and then were pretreated with the indicated concentrations of rapamycin for 2 hrs.
Thereafter, the cells were stimulated with H2O2 (100 μM) and the cell viability was measured by CCK-8 assay at 450 nm wavelength. (c)
H2DCFDA staining of oxidative APRE-19 cells in the indicated groups (scale bar = 100μM). (d) The fluorescence of intracellular ROS in
the indicated groups was measured in a time-dependent manner (starting time = 0min; time interval = 1min; scale bar = 10 μM).
Intracellular ROS of ARPE-19 cells stimulated with 100 μM H2O2, H2O2 + 200 nM RAPA, and H2O2 + 1mM 3-MA were subjected to
flow cytometry analysis. (f) ARPE-19 cells were transfected with the negative control, miRNA-27a, and FOXO1 siRNA, and the
intracellular ROS was analyzed by flow cytometry. Rapa: rapamycin. The data are shown as means ± SD. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P
< 0:001. The experiments were repeated three times independently.
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influence the ROS level in ARPE-19 cells through regulating
autophagic activity. Next, we used flow cytometry to quanti-
tatively analyze ROS production. Rapamycin treatment
reduced ROS accumulation effectively, while 3-MA treat-
ment promoted ROS accumulation slightly although the
difference is not statistically significant (Figure 7(e)). Our
results also confirmed that miR-27a and si-FOXO1 transfec-
tion induced ROS accumulation through repressing autoph-
agy (Figure 7(f)).

In conclusion, H2O2 induces the overexpression of miR-
27a and inhibits FOXO1 expression. The abnormal activa-
tion of miR-27a-FOXO1 axis inhibits the autophagy of
ARPE-19 cells and promotes ROS accumulation, further
forming a feedback loop and causing cell death.

4. Discussion

Since AMD is an age-related disease, the accumulation of
toxic products and RPE function declining with age are two
causal factors for the disease. Previous studies have showed
that the primary changes in AMD are mainly the decline
and disintegration of the RPE layer due to the degeneration
of RPE cells [18]. Because aging is a chronic process, thus,
we speculated that there might be some gradually aug-
mented elements that contribute to RPE degeneration,
such as ROS. Our previous study showed that miR-27a,
miR-29b, and miR-195-5p are overexpressed in AMD
patients; among them, miR-27a was identified as an oxida-
tive stress-associated miRNA. Since RPE is under high
oxidative circumstance, it is of great significance to estab-
lish an oxidative model to study the relationship between
miR-27a and prooxidants in RPE cells.

Regarding the in vivo animal model, light-induced RD in
mice has been proven to be a successful AMD animal model
that is partially associated with oxidative stress [19]. Expo-
sure to blue 460nm wavelength LED is well known to lead
to retinal histopathological and functional damage in rats
[20], causing more intense RD than other LED exposure
[21, 22]. We demonstrated a significant decrease in the
ERG a- and b-wave amplitudes, massive photoreceptor cell
death, and reduced thickness of the ONL in our blue-LED
RD rat model.

Regarding the in vitro cell model, several studies have
shown that different oxidative substances can stimulate cells
to produce oxidative stress injury [23, 24]. H2O2 is a general
substance to stimulate RPE cells to establish an in vitro cell
oxidative stress model [6, 25]. Our results showed that
H2O2 treatment successfully induced oxidative cell model
as we could detect moderate decline of cell viability and
ROS accumulation in ARPE-19 cells.

The interplay of genetic and environmental factors con-
fers the complexity of pathogenesis of AMD [26]. Researches
have shown that miRNAs play an essential role in retinal
biogenesis [27]. It is noticeable that circulating miRNAs,
which are found in peripheral blood, have been shown to
participate in AMD progress through modulating immune
response, oxidant-mediated cell injury, and angiogenesis
[28]. Zhou et al. demonstrated that inhibition of miR-27a
and miR-23a may serve to repress angiogenesis both

in vivo and in vitro [29]. Lin et al. showed that the macular
RPE cells of AMD patients had lower miR-23a expression
level compared with that of controls and miR-23a might also
play an antioxidative role in the retina [30]. Others demon-
strated that ischemia-induced retinal neovascularization
(NV) of rats was significantly reduced by intraocular injec-
tion of pre-miR-184, pre-miR-150, and pre-miR-31, which
indicated the potential therapeutic role of miRNAs in retinal
disease [31]. Therefore, we here questioned that whether our
previously detected abnormally expressed miRNAs can
participate in the development of AMD. Surprisingly, in
our oxidative model, we detected an upregulation of miR-
27a. This result strongly indicated that miR-27a might play
some role in oxidant-mediated RPE injury. Moreover, we
may find an explanation to the overexpression of miR-27a
in the blood of AMD patients; that is, long-term light expo-
sure and oxidative stress promotes RPE cells to express more
miR-27a and to transport to blood.

To further explore the effects of miR-27a, we have to assess
whether miR-27a exerts its function by inhibiting expression
of target genes. As previously mentioned, FOXO1 was con-
firmed to have the opposite expression situation to miR-27a
when under oxidative stress. So, luciferase reporter assay,
western blot, and qRT-PCR were conducted and we showed
that miR-27a directly targets 3′UTR of FOXO1 mRNA and
regulates the mRNA and protein expression of FOXO1. From
a pathophysiological point of view, researchers have indicated
that excessive ROS or inadequate defense mechanisms of oxi-
dative stress in vivo can cause multiple molecular damages,
including hydroxylation of structural proteins and enzyme
proteins, oxidation of ROS, and lipid peroxidation [32].
Autophagy is one of the main ways to degrade cell compo-
nents in eukaryotic cells. It was often correlated with cell death
since previous studies observed the accumulation of auto-
phagosomes in dying cells. However, it is difficult to designate
the specific roles of autophagy in regulating cell death because
it is highly dependent on the specific circumstances [33].
Besides being associated with cell death, autophagy can also
clear organs and protein aggregates at the basic level and
reduce ROS accumulation and RPE dysfunction [34]. There
is a balance between ROS generation and elimination in cells.
The aging-associated decline of autophagic activity was
reported to devastate this balance and lead to age-related dis-
eases, including AMD [35, 36]. Mitter and colleague had
proved inhibition of autophagy by 3-MA or by knockdown
of ATG7 or BECH1 increased ROS generation and reduced
cell viability [37]. As a key transcription factor, substantial evi-
dences indicate that FOXO1’s function relies on the modula-
tion of downstream targets such as autophagy-associated
genes and antioxidative enzymes [17]. Here, we tried to elabo-
rate the effects of miR-27a-FOXO1 axis on autophagy and the
subsequent influences. Our results proved that retinal damage
induced by blue LED was aggravated by FOXO1 gene knock-
down or miR-27a overexpression, while the damage was alle-
viated by FOXO1 gene overexpression or miR-27a inhibition.
In vitro results demonstrated that overexpression of miR-27a
reduced autophagy level of ARPE-19 cells under oxidative
stress condition, then results in ROS accumulation and cell
viability decline. Of note, pretreatment of autophagy enhancer
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rapamycin could only promote cell viability to a moderate
extent in ARPE-19 cells transfected with miR-27a and si-
FOXO1. This indicated that miR-27a-FOXO1 axis is essential
in mediating the protective effects of autophagy. According to
our present results, we speculate that long-term light exposure
causes ROS accumulation in the retina; then, miR-27a is
upregulated as a response to aggravated oxidation. Subse-
quently, overexpression of miR-27a inhibits the FOXO1-
related autophagic function of RPE cells. The inhibition of
autophagy accelerates ROS aggregation and furtherly pro-
motes miR-27a expression. The feedback loop leads to an
imbalance of ROS production and autophagy, causing RPE
cell death and retinal degeneration. It will be immensely signif-
icant if further studies can verify the abnormal activity of miR-
27a-FOXO1 axis in the retina of AMD patients. In conclusion,
we demonstrated a novel role of miRNA-27a-FOXO1 axis in
oxidation-induced RPE cell death. These findingsmay provide
further evidence for the pathogenesis of retinal degenerative
disorders such as AMD.

5. Conclusion

The results suggest that miR-27a is a negative regulator of
FOXO1. Also, our data support the pivotal role of miR-
27a-FOXO1 axis in modulating ROS-mediated retinal injury
and RPE cell death. In conclusion, our findings explain the
age-related ROS accumulation and RPE cell death from a
novel perspective. These findings may provide some hints
for future researches in AMD.
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