Am J Transl Res 2017;9(12):5558-5566
www.ajtr.org /ISSN:1943-8141/AJTRO040977

Original Article
Metformin inhibits development of diabetic
retinopathy through microRNA-497a-5p

Yi Zhang?, Fei Chen?, Liang Wang®

Departments of 1Ophthalmology, 2Ultrasonics, *Hepatobiliary Surgery, The First Hospital of Jinzhou Medical
University, Jinzhou 121000, China

Received September 29, 2016; Accepted November 26, 2016; Epub December 15, 2017; Published December
30, 2017

Abstract: Metformin is an AMP-activated protein kinase activator that is widely prescribed for treating type 2 diabe-
tes. Recently, metformin was reported to slow down the development and alleviate the severity of diabetic retinopa-
thy (DR). However, the underlying mechanisms remain unclear. Here, we used an alloxan-induced diabetes mouse
model to study the effects of metformin on the development of DR as well as the mechanisms. We found that DR
was induced in alloxan-treated mice 10 weeks after alloxan treatment, and treatment of metformin did not prevent
the occurrence of alloxan-induced diabetes. However, metformin significantly alleviated the severity of DR, seem-
ingly through attenuating the retina neovascularization. Moreover, the total vascular endothelial cell growth factor A
(VEGF-A) mRNA in mouse eyes was not altered by metformin, but the protein levels was decreased. Further analysis
showed that metformin may inhibit the VEGF-A protein translation through inducing a VEGF-A-targeting microRNA,
microRNA-497a-5p, resulting in reduced retina neovascularization. Thus, our study suggests a previously unappreci-
ated role of metformin in the prevention of development of DR.
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Introduction

Diabetes is one of the most popular chronic dis-
eases worldwide, and the most diabetes cases
are type 2 diabetes, resulting from insulin resis-
tance and beta cell dysfunction [1]. Metformin
is a FDA-approved first-line medicine for treat-
ing overweight or obese type 2 diabetes pa-
tients who were at high risk of developing car-
diovascular complications [2, 3]. Metformin
reduces plasminogen activator inhibitor 1 to
improve fibrinolytic activity. Moreover, metfor-
min inhibits inflammation-mediated angiogen-
esis in a murine model and in clinic, seemingly
through the effects of plasminogen activator
inhibitor 1 on the activation of thrombospondin
1 [2]. However, there have been conflicting
reports on the effects of metformin on vascu-
larization, which seemingly results from the dif-
ference in time course at analysis and experi-
mental model [4]. Nevertheless, the exact
molecular mechanisms underlying the effects
of metformin on vascularization remain ill-de-
fined.

Diabetic retinopathy (DR) is one of the most
important complications of diabetes [5-8]. DR
affects retina blood vessels, and appears to be
the most common cause of vision loss among
people with diabetes and the leading cause of
vision impairment and blindness among work-
ing-age adults [9]. Very recently, metformin has
been shown to alleviate DR when combined
with a traditional Chinese medicine [10].
However, the effects of metformin alone on DR
are unknown and the mechanisms have not
been elucidated.

Vascular endothelial growth factor A (VEGF-A) is
the major regulator of vascularization, and the
binding of VEGF-A to VEGF Receptor 2 (VEGFR2)
mediates most of the biological effects of
VEGF-A, including blood vessel growth and
branching, endothelial cell survival and vessel
permeability [11-18]. VEGF-A plays a critical role
in the development of DR, while its regulation is
not completely defined. Recently, it was shown
that VEGF-A could be regulated by microRNAs
at the protein translation level, which opened a
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new window for studying its biological effects
[19].

Here, we used an alloxan-induced diabetes
mouse model to study the effects of metformin
on the development of DR as well as the under-
lying mechanisms.

Materials and methods
Mouse manipulation

All mouse experiments were approved by the
Animal Research and Care Committee at the
First Hospital of Jinzhou Medical University.
Male C57BL/6 mice were purchased from the
Jackson Lab (Bar Harbor, Maine, USA), and
were used in the experiments at 10 weeks of
age. Fasting blood glucose monitoring were
performed at 9am in the morning. The beta cell
toxin alloxan (Sigma-Aldrich, St Louis, MO, USA)
was injected from the tail vein at 70 mg/kg
body weight, which allowed development of
sustained high blood glucose and a certain
period of survival of the animals. Two week
after alloxan treatment, mice in the metformin
group were administered an intraperitoneal
injection of metformin (120 mg/kg body weight)
every day for 10 weeks. Mice in the saline-treat-
ed group mice (CTL) were administered an
intraperitoneal injection of an equivalent vol-
ume of normal saline at same frequency. The
mice were analyzed at 8 or 10 weeks after met-
formin (or control), or 10 or 12 weeks after
alloxan. Fasting blood glucose monitoring,
intraperitoneal glucose tolerance test (IPGTT)
and serum insulin measurement were per-
formed as described before [20].

Mouse epithelial cell line culture and transfec-
tion

A mouse epithelial cell line MS1 was purchased
from American Type Culture Collection (ATCC,
Rockville, MD, USA). MS1 cells were maintained
in RPMI 1640 medium (Invitrogen, Carlsbad,
CA, USA) supplemented with 10% fetal bovine
serum (FBS; Sigma-Aldrich, St Louis, MO, USA),
and incubated in a humidified chamber with 5%
CO, at 37°C. MiR-497a-5p-expressing and anti-
sense (as) plasmids were prepared with gener-
al method. The MS1 cells were also transfected
with a null plasmid as a control (null). Trans-
fection was performed with Lipofectamine
2000 reagent (Invitrogen), according to the
instructions of the manufacturer.
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Luciferase-reporter activity assay

Luciferase-reporters were successfully con-
structed using molecular cloning technology.
Target sequence for VEGF-A miRNA 3'-UTR
clone was purchased from Creative Biogene
(Shirley, NY, USA). MiR-497a-5p-modified MS1
cells were seeded in 24-well plates for 24
hours, after which they were transfected with 1
pg of Luciferase-reporter plasmids per well.
Luciferase activities were measured using the
dual-luciferase reporter gene assay kit (Prome-
ga, Beijing, China), according to the manufac-
turer’s instructions.

Fluorescein angiography and analysis of retina
vessel density

At the time of sacrifice, mice were anesthetized
by 2% isoflurane inhalation, and fluorescein
angiography images were obtained after intra-
peritoneal injection of 0.15 ml of 2% fluoresce-
in sodium (Alcon Laboratories, Inc., Fort Worth,
TX, USA). Mouse eyeballs were harvested and
immersed in 4% paraformaldehyde at room
temperature for 2 hours. Afterwards, sclera,
uveal tissue, cornea, and lens were removed
from the retina. The isolated retina was washed
twice with phosphate buffered saline for 5 min-
utes. Retinal vessels were stained by storing
the retina in tomato lectin (Molecular Probes,
Carlsbad, CA, USA) at 4°C for 2 days. Stained
retinal tissues were flat-mounted on glass
slides with coverslips.

Retinopathy grading

Avascular areas were evaluated using Image J
(NIH, Bethesda, MA, USA) by two experienced
investigators blinded to group-identifying infor-
mation. Retinopathy grade was assessed by
two experienced investigators using the scoring
system proposed described before [21]. This
scoring system incorporates assessments of
blood vessel growth, blood vessel tufts, extra-
retinal neovascularization, central vasocon-
striction, retinal hemorrhage, and degree of
vessel tortuosity.

Enzyme-linked immunosorbent assay (ELISA)
for VEGF-A

Whole eyes were homogenized in PBS and soni-
cated. After centrifugation, supernatants con-
taining most soluble proteins were collected.
VEGF-A levels in the supernatant were deter-
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Figure 1. Experimental model and Induction of diabetes in mice by alloxan administration. A: Experimental model.
Two week after beta-cell toxin alloxan injection, mice in the metformin group (alloxan + Met) were administered an
intraperitoneal injection of metformin every day for 10 weeks. Mice in the saline-treated group mice (alloxan) were
administered an intraperitoneal injection of an equivalent volume of normal saline at same frequency. The mice that
did not received alloxan and metformin were used as negative controls (CTL). The mice were analyzed at 8 weeks
after metformin treatment for Retinopathy score, and at 10 weeks after metformin treatment for retina vessel den-
sity and mechanisms. B: Fasting blood glucose. C: IPGTT. D: Serum insulin. E: The analysis of pancreas sections at
12 weeks after alloxan showed significant loss of islet beta cells in both groups, based on insulin immunostaining.

*P<0.05. N=10. Scale bars are 50 ym.

mined using an ELISA kit (RayBiotech, Inc.,
Norcross GA, USA). Absorbance values were
obtained at 450-570 nm using an Emax spec-
trophotometer (Molecular Devices, Sunnyvale,
CA, USA).

RNA isolation and RT-qPCR

Total RNA was extracted from mouse eyes with
Trizol (Invitrogen, Carlsbad, California, USA).
RNA was quantified with Nanodrop1000 (Ther-
mo Scientific, Rockford, IL, USA) according to
the manufacturer’s instructions, followed by
cDNA synthesis (Qiagen, Valencia, CA, USA).
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Quantitative PCR primers were shown in the fig-
ure. RT-gPCR Reactions were performed in trip-
licates with QuantiTect SYBR Green PCR Kit
(Qiagen). Specificity of the amplified products
was determined by melting peak analysis.
Quantification was performed with the 2-AACt
method. Values of genes were normalized
against tubulin, which proved to be stable
across the samples.

Immunohistochemistry

All samples are fixed in 4% paraformaldehyde
at room temperature for 2 hours, then cryo-
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Figure 2. Induction of DR in mice by alloxan administration. (A) Retinopathy scoring at 10 weeks after alloxan. (B, C)
Avascular area in eyes at 10 weeks after alloxan, by quantification (B), and by representative images (C). *P<0.05.

NS: non-significant. N=10.

protected in 30% sucrose overnight before fur-
ther approaches. DAB staining was performed
with a DAB chromogen system (Dako, Carpin-
teria, CA, USA). Primary antibodies for immu-
nostaining are: guinea pig polyclonal anti-insu-
lin (Dako) and rat polyclonal anti-CD31 (Becton-
Dickinson Biosciences, San Jose, CA, USA). No
antigen retrieval is necessary for these anti-
gens. Secondary antibodies for indirect fluores-
cent staining are Cy2-conjugated antibodies
generated from donkey (Jackson ImmunoRe-
search Labs, West Grove, PA, USA).

Western blot

Protein was extracted using RIPA buffer (Sigma-
Aldrich) for Western Blot. The supernatants
were collected after centrifugation at 12000xg
at 4°C for 20 min. Protein concentration was
determined using BCA protein assay, and whole
lysates were mixed with 4xSDS loading buffer
ata ratio of 1:3. Samples were heated at 100°C
for 5 min and were separated on SDS-
polyacrylamide gels. The separated proteins
were then transferred to a PVDF membrane.
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The membrane blots were first probed with a
primary antibody. After incubation with horse-
radish peroxidase-conjugated second antibo-
dy, autoradiograms were prepared using the
enhanced chemiluminescent system to visual-
ize the protein antigen. Primary antibodies for
Western Blot are anti-VEGF-A and anti-a-tubulin
(all purchased from Cell Signaling, San Jose,
CA, USA). Secondary antibody is HRP-conju-
gated anti-rabbit (Jackson ImmunoResearch
Labs). Images shown in the figure were repre-
sentative from 5 repeats. Densitometry of Wes-
tern blots was quantified with ImagelJ software
(NIH).

Statistical analysis

All statistical analyses were carried out using
GraphPad prism 6.0 (GraphPad Software Inc.
La Jolla, CA, USA). All values are depicted as
mean + SD and are considered significant if
P<0.05. All data were statistically analyzed
using one-way ANOVA with a Bonferroni correc-
tion, followed by Fisher’'s Exact Test for com-
parison of two groups.
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Results
Experimental model

In order to study the effects of metformin on
DR, we used alloxan to induce diabetes in mice.
The beta cell toxin alloxan was injected to
develop sustained high blood glucose. Two
week after alloxan treatment, mice in the met-
formin group (alloxan + Met) were administered
an intraperitoneal injection of metformin (120
mg/kg body weight) every day for 10 weeks.
Mice in the saline-treated group mice (alloxan)
were administered an intraperitoneal injection
of an equivalent volume of normal saline at
same frequency. The mice were analyzed at 8
weeks after metformin treatment for Retino-
pathy score, and at 10 weeks after metformin
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Figure 3. Metformin attenuates neovascularization
in the development of DR through suppressing VEGF-
A. (A, B) Vessel density was analyzed at 12 weeks af-
ter alloxan, shown by representative images (A), and
by quantification (B). (C) ELISA for VEGF-A protein in
mouse eyes. (D) RT-gPCR for VEGF-A RNA in mouse
eyes. *P<0.05. NS: non-significant. N=10.

treatment for retina vessel density and mecha-
nisms (Figure 1A).

Induction of diabetes in mice by alloxan ad-
ministration

We found that ever since 1 week after alloxan
injection, the mice developed sustained hyper-
glycemia, in both alloxan and alloxan + Met
groups. There are no difference in the levels of
fasting blood glucose (Figure 1B), slightly dif-
ferences in glucose tolerance (Figure 1C) and
no difference in serum insulin (Figure 1D)
between two groups. The analysis of pancreas
sections at 12 weeks after alloxan showed sig-
nificant loss of islet beta cells in both groups,
based on insulin immunostaining (Figure 1E).
Thus, alloxan induces diabetes in mice and
metformin does not revert hyperglycemia.
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Figure 4. MiR-497a-5p targets 3'-UTR of VEGF-A mRNA to inhibit its expression. A: Bioinformatics analyses show
that miR-497a-5p targets VEGF-A mRNA. B: Metformin significantly increased the levels of miR-497a-5p in mouse
eyes, shown by RT-qPCR. C: We either overexpressed miR-497a-5p, or inhibited miR-497a-5p in MS1 cells by trans-
fection of the cells with a miR-497a-5p-expressing plasmid, or with a plasmid carrying miR-497a-5p antisense (as-
miR-497a-5p). The MS1 cells were also transfected with a null plasmid as a control (null). The overexpression or
inhibition of miR-497a-5p in NPC cells was confirmed by RT-gPCR. D: MiR-497a-5p-modified MS1 cells were then
transfected with 1 pg of VEGF-A-3’-UTR luciferase-reporter plasmid. The luciferase activities were quantified in these

cells. *P<0.05. N=10.

Induction of DR in mice by alloxan administra-
tion

Next, we examined whether alloxan may induce
DR in these diabetic mice. We found that 10
weeks after alloxan treatment, DR was induced
in alloxan-treated mice, regardless treatment
of metformin, based on retinopathy score.
However, metformin seemed to alleviate the
severity of DR (Figure 2A). Interestingly, metfor-
min treatment did not alter the avascular area
in eyes at this point, shown by quantification
(Figure 2B), and by representative images
(Figure 2C). These data suggest that metformin
may not affect retinopathy at the initial isch-
emic period. Thus, we hypothesize that metfor-
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min may affect the neovascularization in the
development of DR.

Metformin attenuates neovascularization in
the development of DR through suppressing
VEGF-A

Next, we examined the mice at 12 weeks after
alloxan, when the neovascularization occurs.
We found that metformin significantly attenu-
ated vessel density at this time point, shown by
representative images (Figure 3A), and by
quantification (Figure 3B). Since VEGF-A is the
most potent neovascularization initiator, we
analyzed VEGF-A protein levels by ELISA and
mRNA levels by RT-qPCR in the mouse eyes.

Am J Transl Res 2017;9(12):5558-5566
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Surprisingly, although we found that metformin
reduced the VEGF-A protein in eyes by alloxan
(Figure 3C), we did not detect such an effect
of metformin on VEGF-A mRNA (Figure 3D).
Hence, Metformin attenuates neovasculariza-
tion in the development of DR through sup-
pressing VEGF-A protein, but not mRNA.

MiR-497a-5p targets 3-UTR of VEGF-A mRNA
to inhibit its expression

Since our data suggest presence of a post-tran-
scriptional regulation of VEGF-A induced by
metformin, we hypothesized that metformin
may alter expression of a VEGF-A-targeting
miRNA. We then screened all VEGF-A-targeting
miRNAs and specifically found that miR-497a-
5p targeted VEGF-A mRNA by bioinformatics
analyses (Figure 4A), and metformin signifi-
cantly increased the levels of miR-497a-5p in
mouse eyes (Figure 4B). In order to examine
whether miR-497a-5p may regulate VEGF-A in
eye epithelial cells, we either overexpressed
miR-497a-5p, or inhibited miR-497a-5p in MS1
cells by transfection of the cells with a miR-
497a-5p-expressing plasmid, or with a plasmid
carrying miR-497a-5p antisense (as-miR-497a-
5p). The MS1 cells were also transfected with a
null plasmid as a control (null). The overexpres-
sion or inhibition of miR-497a-5p in NPC cells
was confirmed by RT-qPCR (Figure 4C). MiR-
497a-5p-modified MS1 cells were then trans-
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fected with 1 pyg of VEGF-A-3’-UTR luciferase-
reporter plasmid. The luciferase activities were
quantified in these cells, suggesting that miR-
497a-5p targets 3-UTR of VEGF-A mRNA to
inhibit its translation (Figure 4D).

MiR-497a-5p inhibits VEGF-A protein transla-
tion in MS1 cells

We found that alteration of miR-497a-5p in
MS1 cells did not change mRNA levels of
VEGF-A (Figure 5A). However, overexpression of
miR-497a-5p significantly decreased VEGF-A
protein levels, while inhibition of miR-497a-5p
significantly increased VEGF-A protein levels in
MS1 cells, by Western blot (Figure 5B). These
data suggest that MiR-497a-5p inhibits VEGF-
A protein translation, as a mechanism for the
suppression of eye neovascularization by met-
formin.

Discussion

In clinic, metformin improves blood glucose
control of the patients through lowering fasting
plasma insulin concentrations and enhancing
insulin sensitivity, to increase glucose uptake
by peripheral tissues and decreasing hepatic
glucose output.

A recent study showed that a Chinese medici-
nal formula combined with metformin signifi-
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cantly reversed the prolongation of latency
times of flash electroretinogram and oscillatory
potentials in diabetic rats [10]. Moreover, this
treatment showed a remarkable suppression of
retinal neovascularization and amelioration of
retinal internal limiting membrane morphology
[10]. However, no mechanisms have been stud-
ies in this report.

VEGF-A is the most important regulator of neo-
vascularization during development of DR.
Thus, here we aimed to reproduce the anti-DR
effects of metformin and further study the
effects of metformin on VEGF-A and retinal vas-
cularization. First, we used a mouse model of
diabetes to study the effects of metformin on
DR. We confirmed sustained diabetes and
development of DR in this alloxan-induced dia-
betes and DR model. We indeed confirmed a
modest protective effect of metformin against
DR, seemingly at the second stage of DR when
neovascularization occurs after ischemia peri-
od. These data are consistent with the previous
report [19] and other literatures showing that
metformin may activate protective mecha-
nisms against angiogenesis during the progres-
sion of DR [22-24].

Next, we examined the VEGF-A levels after met-
formin treatment. Although VEGF-A mRNA lev-
els were not affected by metformin, metformin
indeed reduced the VEGF-A protein, suggesting
that a post-transcriptional control of VEGF-A
protein translation. Recently, it was shown that
VEGF-A could be regulated by microRNAs at the
protein translation level [19]. Gu et al. showed
that compared to other cancers, non-small cell
lung cancer had a significant higher ratio of
VEGF-A protein vs mRNA, and significantly lower
levels of miR-497. Moreover, bioinformatics
analyses showed that miR-497 bound to 3'-UTR
of VEGF-A mRNA in non-small cell lung cancer
cells to inhibit its translation [19]. This study
inspired us to examine the involvement of
VEGF-A-targeting miRNAs in this model. Our
results showed that metformin may inhibit the
VEGF-A protein translation through inducing a
VEGF-A-targeting miR-497a-5p, resulting in
reduced retina neovascularization. Thus, our
study suggests a previously unappreciated role
of metformin in the prevention of development
of DR.

The future studies may address patients’ speci-
mens to figure out whether this mechanism is
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also functional in humans. To summarize, our
findings are critical for generating novel medi-
cine through miRNA-mediated modulation of
VEGF-A for DR treatment.
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