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Vascular endothelial growth factor-A (VEGF-A) has a pathologic role in microvascular diabetic complication, such as diabetic
retinopathy (DR). miR-126 plays an important role in vascular development and angiogenesis by regulating the expression of
VEGF-A. Since levels of miR-126 have been found downregulated in diabetes, this study is aimed at investigating whether
hyperglycemia affects expression of miR-126 in a retinal pigment epithelium cell line. ARPE-19 cells were transfected with miR-
126 inhibitor or with miR-126 mimic and the respective scramble negative control. After 24 hours, medium was replaced and
cells were cultured for 24 hours in normal (CTR) or diabetic condition (HG). Then, we analyzed mRNA levels of miR-126,
VEGF-A, PI3KR2, and SPRED1. We also evaluated protein amount of HIF-1α, PI3KR2, and SPRED1 and VEGF-A secretion.
The results showed that exposure of ARPE-19 cells to HG significantly decreased miR-126 levels; mRNA levels of VEGF-A and
PI3KR2 were inversely correlated with those of miR-126. Overexpression of miR-126 under HG restored HIF-1α expression and
VEGF-A secretion to the level of CTR cells. These results indicate that reduced levels of miR-126 may contribute to DR
progression by increasing expression of VEGF-A in RPE cells. In addition, we provide evidence that upregulation of miR-126 in
RPE cells counteracts the rise of VEGF-A secretion induced by hyperglycemia. In conclusion, our data support a role of miR-
126 mimic-approach in counteracting proangiogenic effects of hyperglycemia.

1. Introduction

Diabetic retinopathy (DR) is one of the most important
microvascular complications of diabetes and the primary
cause of visual loss in working age adults [1–3]. Prolonged
hyperglycemia is a significant risk factor in the DR progres-
sion and could cause ocular neovascularization with aberrant
formation of immature blood vessels [4, 5]. Indeed, it leads to
progressive alterations of the retinal microvasculature, which
start with pericyte dropout, pass through vasoregression and
increased vasopermeability, and lead to pathological neovas-
cularization in response to hypoxia [6].

Vascular endothelial growth factor-A (VEGF-A), a key
mediator of blood vessel formation, plays an important role
in the homeostasis of the retinal and choroidal vasculature,

by mediating both angiogenesis and inflammation [7]. Hyper-
glycemia induces aberrant levels of VEGF-A in the retina,
which have been related to structural and functional changes
that lead to DR [8, 9]. Indeed, VEGF-A activates quiescent
endothelial cells, promotes cell proliferation and migration
with the subsequent formation of new blood vessels, and
increases vascular permeability [10].

The retinal pigment epithelium (RPE) is a monolayer of
highly specialized cells located between the choroid and photo-
receptors, which form the outer blood-retinal barrier (BRB)
[11]. RPE cells play an important role in retinal homeostasis,
by affecting the function and maintenance of both the photore-
ceptors and capillary endothelium. Consequently, RPE barrier
dysfunction and altered secretion of growth factors and cyto-
kines by RPE cells contribute to diabetic retinopathy worsening.
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In particular, RPE cells are one of the main source of VEGF-A
in the retina. During homeostasis, VEGF-A is secreted in low
concentrations to the basal side of the RPE, where it contributes
in maintaining endothelial cell survival and choriocapillaris
fenestrations. Under diabetic conditions, VEGF-A is overpro-
duced and released also toward the apical side [12], thus
increasing the permeability of the choroidal vessels in diabetic
eyes and compromising themaintenance of the structural integ-
rity of the retina.

It is well known that transcription of VEGF-A is regulated
by hypoxia-inducible factor 1-alpha (HIF-1α), a transcription
factor that is the master regulator of cellular response to hyp-
oxia and hyperglycemia [9, 13]. Briefly, HIF-1 is a heterodi-
meric transcription factor consisting of a constitutively
expressed β-subunit and an oxygen-regulated α-subunit [14].
Under normoxic conditions, HIF-1α is degraded by protea-
somes; on the contrary, in hypoxic conditions and during
hyperglycemia, HIF-1α is stabilized and able to interact with
its coactivators and the β-subunit to increase expression of
genes involved in energy metabolism and angiogenesis,
including VEGF-A.

Expression of VEGF-A may be also regulated by micro-
RNAs, small noncoding RNAs that regulate gene expression
at posttranscriptional level [15]. In particular, miR-126, an
endothelial specific microRNA, has been reported to have a
central role in neovascularization process by regulating
VEGF-A signaling [16]. Indeed, miR-126 targets to a binding
site in 3’UTR of VEGF-A mRNA; therefore, reduced levels of
miR-126 lead to increased expression of VEGF-A and may
promote vascular permeability and pathological vasculariza-
tion; on the contrary, miR-126 overexpression decreases the
levels of VEGF-A [17]. In addition, miR-126 may affect the
VEGF/PI3K/AKT signaling pathway targeting the expression
of Sprouty-related protein (SPRED1) and phosphoinositol-3
kinase regulatory subunit 2 (PI3KR2), which are two negative
regulators of VEGF-A expression [16, 18, 19].

Since the RPE cell dysfunction is involved in the early
stages of the DR damage and miR-126 represents a promising
target for novel antiangiogenic therapies, this study is aimed at
investigating whether hyperglycemia affects expression of miR-
126 and characterizing the molecular mechanisms through
which miR-126 regulates VEGF-A expression in RPE cells.

2. Materials and Methods

2.1. Cell Culture and Experimental Conditions. The human
cell line ARPE-19 (American Type Culture Collection,
Manassas, VA, USA) from passages 22 to 28 were grown
in DMEM/F12 1 : 1 medium (Euroclone, Milan, Italy) sup-
plemented with 10% fetal bovine serum and 2mmol/L glu-
tamine (Euroclone, Milan, Italy) at 37°C in 5% CO2. The
cell medium was replaced every 2 days. Cells were grown
to confluence, removed with trypsin-EDTA (Euroclone,
Milan, Italy), and then seeded in multiwell plates for all
experiments. Before each experiment, confluent cells were
washed with phosphate-buffered saline (PBS) (Euroclone,
Milan, Italy) and cultured in control medium (DMEM low
glucose/F12, CTR).

2.2. miR-126 Mimics/Inhibitor Transfection. ARPE-19 cells
were plated into 12-well plates with 8 × 104 cells/well and
cultured in normal glucose condition. Once the cells were
70% confluent, has-miR-126-3p miRCURY LNA Power
inhibitor (miR-126 inhib), has-miR-126-3p miRCURY
LNA Mimic (miR-126 mimic), and the respective scramble
negative controls (all from Exiqon-Qiagen, Milan, Italy) were
transfected into ARPE-19 cells using jetPRIME transfection
reagent (Polyplus-transfection, New York, USA). After 24
hours of the transfection, medium was changed and replaced
with fresh CTR or high glucose (HG, 25mM glucose)
medium for 24 hours.

2.3. Quantitative RT-PCR. RNA was extracted from ARPE-19
cells cultured under different conditions using the Quick-RNA
Mini prep Kit (Zymo Research, Irvine, CA) according to the
manufacturer’s instructions. The amount and quality of
RNA were determined spectrophotometrically. RNA samples
featuring an A260/A280 value of at least 2.0 were generally
used for further analysis. To analyze miRNA-expression level,
5 ng/μL of total RNA was reversed-transcribed using miR-
CURY LNA RT kit (Exiqon-Qiagen, Milan, Italy). The
obtained cDNA was then diluted for further quantitative
real-time polymerase chain reaction (qRT-PCR). miRNA
levels were measured using miRCURY LNA miRNA PCR
Assay (Exiqon-Qiagen, Milan, Italy) with specific primers:
has-miR-126-3p and U6 snRNA(has, mmu) used as a normal-
ization control for miRNA expression. All measurements were
performed in triplicate on an ABI PRISM 7900 HT Fast Real-
Time PCR System (Applied Biosystems Monza, Italy). Com-
parisons in gene expression were done using the 2−ΔΔCt

method [20].
For mRNA analysis, one microgram of RNA was reverse-

transcripted to cDNA using Wonder RT-cDNA Synthesis kit
(Euroclone, Milan, Italy). The expression levels of the target
gene VEGF-A (Applied Biosystems assay ID: Hs00900055_
m1) were measured by qRT-PCR amplification, performed
using Luna Universal Probe qPCRMaster Mix (New England
Biolabs, NEB, Massachusetts, USA) in an ABI PRISM 7900
HT Fast Real-Time PCR System (Applied Biosystems Monza,
Italy). All measurements were performed in triplicate with the
following qRT-PCR run protocol: initial denaturation pro-
gram (95°C 1min), denaturation (95°C 15sec), and extension
program (60°C 30 sec) repeated 43 times (95°C 15s and 60°C
1min). Gene expression was normalized using the housekeep-
ing as control gene (β-actin, Applied Biosystems assay ID:
Hs01060665_g1). Comparisons in gene expression were done
using the 2−ΔΔCt method [20].

2.4. Secretion of VEGF-A. ARPE-19 cells were treated with
miRNA mimic or miRNA inhibitor for 48 hours. At the
end of incubation, fresh CTR or HG medium was added for
24 h. To quantify VEGF-A secretion, the conditioned media
were collected and stored at −80°C until the assay was per-
formed. Cells were then washed with PBS and lysed in radio-
immunoprecipitation assay (RIPA) buffer, and protein
content was determined with the BCA Protein Assay Kit
(Pierce, Rockford, MD) according to the manufacturer’s
instructions. Secretion of VEGF-A was assessed with
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enzyme-linked immunosorbent assay (ELISA; Raybiotech,
Norcross, GA, USA), and concentrations were calculated
from the standard curve and normalized to the total protein
concentration of the respective lysate.

2.5. Immunoblot. At the end of the experiments, ARPE-19
cells were lysed in RIPA buffer supplemented with protease
and phosphatase inhibitors, and protein concentrations were
determined using the BCA Protein Assay Kit. Thirty micro-
grams of total cell lysate were separated on a SDS–PAGE
and transferred onto nitrocellulose. Filters were blocked in
5% nonfat dried milk and incubated overnight at 4°C with
primary specific antibodies (HIF-1α, PI3KR2, and SPRED1
from Cell Signaling Technology, Beverly, MA, USA). Sec-
ondary specific horseradish peroxidase-linked antibodies
were added for 1 h at room temperature. Bound antibodies
were detected using the enhanced chemiluminescence light-
ing system (ECL Plus), according to the manufacturer’s
instructions. Each membrane was stripped (Restore PLUS
Western Blot Stripping Buffer, Pierce Biotechnology, Rock-
ford, IL, USA) and probed for β-actin (Cell Signaling Tech-
nology, Beverly, MA, USA) to verify equal protein loading.
Bands of interest were quantified by densitometry using the
Alliance software. Results were expressed as percentages of
CTR (defined as 100%).

2.6. Statistical Analysis. All statistical analyses were per-
formed using the GraphPad Prism 4.0 software (GraphPad
Software, San Diego, CA, USA). Data were expressed as the
mean ± SEM and then analyzed using one-way ANOVA
followed by Dunnett’s multiple comparison test and t-test.
A p value of <0.05 was considered statistically significant.
The results are representative of at least 3 experiments.

3. Results

3.1. Hyperglycemia Decreased miR-126 Expression. First, we
performed RT-qPCR to confirm the presence of miR-126 in
ARPE-19 cells and the efficiency of transfection with miR-
126 inhibitor and mimic.

As expected, miR-126 was expressed by ARPE-19 cells
(Figure 1(a)). Hyperglycemia significantly reduced miR-126
levels compared to control conditions (Figure 1(a)). Addition
of miR-126 inhibitor completely abrogated the detection of
miR-126 in the samples. On the contrary, transfection of
miR-126 mimic significantly increased miR-126 levels.

3.2. mRNA Levels of VEGF-A Are Inversely Correlated to
Those of miR-126 under Standard and Diabetic Conditions.
Addition of miR-126 inhibitor or mimic resulted, respec-
tively, in a significant upregulation or downregulation of
VEGF-A gene expression under control conditions.

In presence of high glucose, the VEGF-A gene expression
was significantly increased (Figure 1(b)). Treatment with
miR-126 inhibitor did not further increase the effect of
hyperglycemia on VEGF-A expression (Figure 1(b)). Trans-
fection of miR-126 mimic prevented the rise of VEGF-A
expression levels induced by HG.

3.3. HIF-1α Protein Expression Is Not Affected by Levels of miR-
126.HIF-1α is the main regulator of VEGF-A. To determine its
contribution on VEGF-A expression when miR-126 is down-
or upregulated, we evaluated HIF-1α protein expression.

Treatment with HG significantly increased HIF-1α pro-
tein level. Under control condition, no differences in HIF-1α
protein expression were observed in ARPE-19 cells transfected
either with miR-126 inhibitor or miR-126 mimic (Figure 2).
Transfection with miR-126 inhibitor did not affect HG-
induced upregulation of HIF-1α. On the contrary, transfection
with miR-126 mimic caused a significant downregulation of
HIF-1α expression compared to HG cultures (Figure 2).

3.4. miR-126 Targeted SPRED1 and PI3KR2 in ARPE-19
Cells. In endothelial cells, miR-126 may regulate VEGF-A
levels by directly repressing SPRED1 and PI3KR2, two
negative regulators of the VEGF pathway [16, 18, 19]. To
investigate whether SPRED1 and PI3KR2 are targets of
miR-126 in ARPE-19 cells, we performed RT-qPCR and
Western blot analysis in ARPE-19 cells transfected with
miR-126 inhibitor or miR-126 mimic at normal and high-
glucose conditions.

SPRED1 gene and protein expression were not affected
by hyperglycemia (Figures 3(a) and 3(b)). The inhibition of
miR-126 did not alter SPRED1 gene and protein expression
under control conditions, but induced a significant increase
of SPRED1 mRNA level under hyperglycemic conditions.
Transfection with miR-126 mimic significantly downregu-
lated SPRED1 gene and protein expression.

High glucose significantly enhanced PI3KR2 gene and
protein expression compared to control (Figures 4(a) and
4(b)). When miR-126 was inhibited, PI3KR2 gene and
protein expression were upregulated in comparison to control
cultures. On the contrary, overexpression of miR-126 signifi-
cantly reduced the mRNA and protein levels of PI3KR2 and
prevented the rise induced by HG.

3.5. Overexpression of miR-126 Restores VEGF-A Secretion
under HG to the Level of CTR Cells. Finally, we investigated
whether the potential of therapeutic strategy based on miR-
126 enrichment may counteract the increased secretion of
VEGF-A induced by hyperglycemia. VEGF-A release was
not affected neither by inhibition nor by overexpression of
miR-126. Treatment with HG alone or in combination with
miR-126 inhibitor increased VEGF-A secretion compared
with control culture (Figure 5). miR-126 mimic transfection
prevented the rise of VEGF-A secretion induced by HG,
maintaining the release to the levels observed in control
culture.

4. Discussion

Chronic hyperglycemia is a major long-term determinant of
vascular changes in DR. Retinal neovascularization is
primarily due to uncontrolled VEGF-A expression and
secretion by the RPE [8, 11]. It is well known that the
expression of VEGF-A is regulated by the activity of HIF-
1α, which is stabilized under hypoxia and diabetes [9, 13].
VEGF-A expression is also controlled by miR-126 [16].
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Therefore, it is important to determine whether glucose may
affect levels of miR-126 in RPE cells.

The mechanisms through which miR-126 regulates
angiogenesis have been deeply investigated in endothelial
cells and are mainly related to modulation of VEGF-A
expression [16]. Recently, Zhou et al. showed that miR-126
is involved in the regulation of VEGF-A expression and also

in RPE cells suggesting that VEGF-A is a miR-126-3p target
[21]. Consistent with this report, we found that levels of miR-
126 are inversely correlated with VEGF-A expression in
ARPE-19 cells. To further explore whether altered expression
of VEGF-A is due to a direct action of miR-126 on its mRNA
transcript, we investigated the expression of HIF-1α. Under
physiologic condition, treatment with miR-126 inhibitor or
mimic, respectively, increased or reduced mRNA levels of
VEGF-A without affecting protein expression of HIF-1α.
Usually, the expression of HIF-1α correlates with mRNA
levels of VEGF-A. However, we found that in normal condi-
tion, the amount of HIF-1α does not affect mRNA levels of
VEGF-A. This suggests that reduction of VEGF-A mRNA
in ARPE-19 cells is due to mRNA degradation induced by
interaction with miR-126. On the contrary, the rise of
VEGF-A expression may be related to lack of induction of
degradation. Taken together, our results confirm that
VEGF-A is a target of miR-126 in ARPE-19 cells.

The presence of a relationship between miR-126 levels
and diabetes has been suggested by several studies. Plasma
levels of miR-126 are lower in patients with DM in compar-
ison with healthy subjects. [22]. Furthermore, levels of
miR126 have been found downregulated in the retinal tissue
of streptozotocin-induced diabetic rat [23]. Consistent with
this evidence, we found that hyperglycemia decreased levels
of miR-126, demonstrating that glucose may regulate miR-
126 expression in RPE cells. Moreover, under hyperglycemia,
reduced levels of miR-126 are coupled to rise of VEGF-A
mRNA levels and increased the expression of HIF-1 α. Taken
together, these findings suggest that both reduced degrada-
tion of VEGF-A mRNA and increased transcription of its
gene contribute to upregulate VEGF-A mRNA levels. Use
of miR-126 inhibitor did not further increase the levels of
VEGF-A, reached when cells are cultured under diabetic con-
dition, suggesting that hyperglycemia induced the maximum

CTR miR-126
inhib

miR-126
mimic

HG HG+
miR-126

inhib

HG+
miR-126
mimic

m
iR

-1
26

 le
ve

ls 
(%

 v
s. 

CT
R)

 

150

100

50

0

10000

20000
18000
16000
14000
12000

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

(a)

§§§

0

50

100

150

200

V
EG

F-
A

 m
RN

A
 le

ve
ls 

(%
 v

s. 
CT

R)

CTR miR-126
inhib

miR-126
mimic

HG HG+
miR-126

inhib

HG+
miR-126
mimic

⁎⁎

⁎⁎

⁎⁎ ⁎

⁎⁎

(b)

Figure 1: (a) Levels of miR-126 in ARPE-19 cells cultured for 24 hours in standard medium (CTR), silencing (inhib) and upregulating
(mimic) miR-126 in control condition and in presence of high glucose (HG). Gene expression was normalized vs. U6 housekeeping gene.
(b) mRNA levels of VEGF-A in ARPE-19 cells cultured for 24 hours in standard medium (CTR), silencing (inhib) and upregulating
(mimic) miR-126 in control condition and in presence of high glucose (HG). VEGF-A gene expression was normalized vs. β-actin as
housekeeping gene. Data are presented as the mean ± SEM of three experiments (n = 3). ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001 vs. CTR;
$$$p < 0:001 HG+mimic vs. HG.
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Figure 2: Western blot analysis of HIF-1α protein levels in ARPE-
19 cells cultured for 24 hours in standard medium (CTR),
silencing (inhib) and upregulating (mimic) miR-126 in control
condition and in presence of high glucose (HG). Representative
Western blot analysis and quantification of densitometries of
Western blot band. Data were expressed as mean ± SEM of fold
induction relative to β-actin of three independent experiments
(n = 3). ∗p < 0:05 vs. CTR; $p < 0:05 HG+mimic vs. HG.

4 Journal of Diabetes Research



levels of VEGF-A expression. On the contrary, miR-126
mimic prevented the upregulation of HIF-1α expression
and counteracted the increased levels of VEGF-A induced
by hyperglycemia, suggesting that HIF-1αmay be an indirect
target of miR-126 in ARPE-19 cells.

It has been shown thatmiR-126 regulates VEGF-A expres-
sion not only by directly targeting VEGF-A, but also by
regulating the levels of SPRED1 and PI3KR2 [16, 18, 19]. Yang

et al. demonstrated that miR-126 regulated VEGF-A and
PI3KR2 in retinal vascular endothelial cells under diabetic
condition, and that miR-126 overexpression blocked the cell
migration and sprouting induced by high glucose by inhibiting
VEGF-A expression [19]. In addition,Wang et al. showed that
transfection with miR-126 mimic prevented the increased
mRNA and protein levels of VEGF-A and SPRED1 under
diabetic condition [24]. Consistent with these findings, we
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Figure 3: Expression of SPRED1 in ARPE-19 cells cultured for 24 hours in standard medium (CTR), silencing (inhib) and upregulating
(mimic) miR-126 in control condition and in presence of high glucose (HG). (a) SPRED1 gene expression normalized vs. β-actin as
housekeeping gene. (b) Representative Western blot analysis of SPRED1 protein expression with quantification of densitometries of
relative bands. Data were expressed as mean ± SEM of fold induction relative to β-actin of three independent experiments (n = 3). ∗p <
0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001 vs. CTR; §p < 0:05 and §§p < 0:01 HG+mimic vs. HG.
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Figure 4: Expression of PIK3R2 in ARPE-19 cells cultured for 24 hours in standard medium (CTR), silencing (INHIB) and upregulating
(MIMIC) miR-126 in control condition and in presence of high glucose (HG). (a) PIK3R2 gene expression normalized vs. β-actin as
housekeeping gene. Representative Western blot analysis of (b) PIK3R2 protein expression with quantification of densitometries of relative
bands. Data were expressed as mean ± SEM of fold induction relative to β-actin of three independent experiments (n = 3). ∗p < 0:05, ∗∗p <
0:01, and ∗∗∗p < 0:001 vs. CTR; §p < 0:05, §§p < 0:01, and §§§p < 0:001 HG+mimic vs. HG.
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observed an inverse correlation between levels of miR-126 and
those of SPRED1 when cells are transfected with miR-126
mimic, both under control and high-glucose conditions, con-
firming that SPRED1 is a target of miR-126 in ARPE-19 cells.
Since depletion of miR-126 did not result in upregulation of
SPRED1 protein expression, it is likely that this is the
maximum amount of SPRED1 produced by ARPE-19 cells.
Furthermore, our results showed that miR-126 levels are
inversely correlated with expression of PI3KR2 in all experi-
mental conditions, demonstrating that in ARPE-19 cells,
miR-126 directly targets PI3KR2. Taken together, these data
suggest that SPRED1 and PI3KR2 are regulated by miR-126
and also in ARPE-19 cells. However, different from findings
in other cell types [18, 25], the downregulation of SPRED1
and PI3KR2 expression did not result in increased levels of
VEGF-A, suggesting that these two factors are not involved
in the regulation of VEGF-A expression in ARPE-19 cells,
and that miR-126 function is highly tissue specific. Reduced
levels of miR-126 due to hyperglycemia play a crucial role in
the pathogenesis and progression of DR [26]. VEGF-A is the
main target of most pharmacological interventions to prevent
the DR progression. However, the increased expression of
VEGF-A in RPE cells could be also countered through an inno-
vative therapeutic strategy represented by miR-126 enrich-
ment. In this regard, several studies are underway to define a
role for miR-126 overexpression as a future gene therapy to
counteract the abnormal VEGF-A expression levels, thus
offering new prospective in clinical application [26, 27]. Here,
we found that overexpression of miR-126 counteracts the rise
in VEGF-A secretion induced by hyperglycemia. To our
knowledge, this is the first evidence that miR-126 overexpres-
sion may reduce secretion of VEGF-A in diabetic condition
in RPE cells. Of importance, miR-126 mimic did not affect
VEGF-A secretion under control condition, suggesting that
this approach did not alter homeostasis in normoglycemic
environment. Furthermore, this result suggests that downregu-
lation of VEGF-A secretion under diabetic condition may be
related to the decrease production of VEGF-A due to a reduced
mRNA expression rather than to a defect in its release. Secre-
tion of VEGF-A has not changed even in the presence of

increased expression of VEGF-A due to the effect of miR-126
inhibitor, confirming that the secretory machine of ARPE-19
cells is not affected neither by the levels of miR-126 nor by
those of VEGF-A.

5. Conclusions

In conclusion, we demonstrated that miR-126 overexpres-
sion may be useful in reducing VEGF-A secretion from
RPE cells under diabetic condition. This, in turns, may pre-
vent progressive alterations of the retinal microvasculature
by reducing both vascular permeability and activation of
endothelial cells. Considering that RPE cell dysfunction is
one of the early changes in the onset of diabetic retinopathy,
miR-126 mimic-approach may represent a new therapeutic
strategy in the prevention and treatment of DR and offer
interesting prospects in future clinical application.

The main limitation of our findings is the absence of an
animal model to extend the results obtained in vitro.
However, the results of this study may contribute to develop
clinical approach to counteract VEGF-A rise in response to
hyperglycemia.

Data Availability

The data used to support the findings of this study are
included within the article.
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