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PURPOSE. The purpose of this study was to determine the effects of metformin on
dysfunctional retinas in obesity-induced type 2 diabetic mice.

METHODS. A high-fat diet (HFD)-induced diabetic mouse model (C57BL/6J) was used in this
study. After 2 months of the HFD regimen, HFD mice were given daily metformin through oral
gavage. Body weights, glucose tolerance, and retinal light responses were monitored
regularly. Fluorescein angiography (FA) was used to assess changes in retinal vasculature.
Ocular tissues (retina, vitreous, and lens) were harvested and analyzed for molecular changes
as determined by immunofluorescent staining, Western blot analysis, and cytokine profiling.

RESULTS. Starting 1 month after the diet regimen, mice fed the HFD had mildly compromised
retinal light responses as measured by electroretinography (ERG), which worsened over time
compared to that in the control. In HFD mice treated with metformin, systemic glucose levels
reverted back to normal, and their weight gain slowed. Metformin reversed HFD-induced
changes in phosphorylated protein kinase B (pAKT), extracellular signal-regulated kinase
(pERK), and 50AMP-activated protein kinase (pAMPK) in the retina. However, metformin
treatments for 3 months did not restore the retinal light responses nor lessen the HFD-
induced retinal neovascularization, even though it did reduce intraocular inflammation.

CONCLUSIONS. Although metformin was able to reverse systemic changes induced by HFD, it
was not able to restore HFD-caused retinal light responses or deter neovascularization.
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Diabetic retinopathy (DR) is one of the major secondary
complications of diabetes and a leading cause of blindness

worldwide.1 Glycemic control is a critical strategy for diabetic
patients to prevent the development of secondary complica-
tions.2 The Diabetes Control and Complications Trial showed
that long-term extensive control of serum glucose reduces the
incidence and progression of diabetic complications such as
retinopathy, nephropathy, and neuropathy.3 One drug that
effectively controls systemic glycemia is metformin.4,5 Metfor-
min has been used as an antihyperglycemic agent in diabetic
patients,6 and it is recommended in combination therapies to
control the level of glycated hemoglobin (HbA1c) in patients
receiving ineffective monotherapy.7 The effectiveness of
metformin as an antihyperglycemic agent is based on its ability
to suppress gluconeogenesis in the liver.5,8 In addition,
metformin has been identified as an activator of the AMP-
activated protein kinase (AMPK) pathway in numerous cell
types including hepatocytes,9 endothelial cells,10 cardiomyo-
cytes,11 cancer cells,12 and adipose tissue.13 In addition to its
use as an antihyperglycemic agent, one beneficial effect from
metformin is mild weight loss.14,15 The action of metformin on
insulin signaling has made metformin viable for treating
nonalcoholic fatty liver disease16 and polycystic ovary syn-
drome.17 Furthermore, the effectiveness of metformin to treat

other diabetic complications, such as nephropathy18 and
neuropathy has been investigated19; however, whether metfor-
min is able to prevent or reverse DR is not known.

The high-fat diet (HFD) mouse model has been used to study
type 2 diabetes due to the development of obesity, glucose
intolerance, and insulin resistance.20 Unlike other mouse
models of metabolic syndromes and type 2 diabetes that use
genetic mutations to induce insulin resistance and obesity,21

the HFD model is a diet-induced obesity model that resembles
human obesity-associated type 2 diabetes. Mice develop
hyperglycemia, hyperinsulinemia, hyperlipidemia, and chronic
inflammation after several months of HFD regimen and are
suitable for study of long-term diabetic complications.22,23

These HFD mice show similar phenotypical deficits found in
other DR animal models, such as lesions in the retinal
vasculature and thickening of Bruch’s membrane.24 Further-
more, mice fed a HFD containing 42% fat calories for 12 months
have significantly greater numbers of atrophic capillaries and
pericyte ghosts than mice fed a normal diet.25 High-fat diet
mice emulate the systematic dysfunction that occurs in type 2
diabetes and further show retinal symptoms found in DR,
making HFD mice a suitable animal model to study type 2
diabetes and diabetic retinopathy.
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Previously, we reported that mice fed a HFD (59% fat
calories) develop obesity, hyperglycemia, insulin resistance,
glucose intolerance, and decreased retinal light sensitives 26.
These mice have retinal neovascularization after 7 months of
HFD regimen 27. Because metformin is able to maintain normal
systemic glycemia in diabetic animals and patients,4,5 in this
study, we investigated whether metformin was able to reverse
or minimize HFD-induced retinal dysfunction. We combined
electroretinogram (ERG) recordings, immunofluorescent stain-
ing, fluorescein angiography (FA), and cytokine profiling to
determine the effects of metformin in HFD-induced diabetic
retina.

MATERIALS AND METHODS

Animals

Four-week-old male C57BL/6J mice were purchased from
Harlan Laboratory (Houston, TX, USA). All animal experiments
were approved by the Institutional Animal Care and Use
Committee of Texas A&M University and were performed in
compliance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. Mice were housed under
temperature- and humidity-controlled, 12L:12D cycle condi-
tions. All mice were given food and water ad libitum. At 5
weeks of age (body weight, 20 g), mice were fed a standard
laboratory chow (control diet: 10% fat calories, 20% protein
calories, and 70% carbohydrate calories; Research Diets, Inc.,
New Brunswick, NJ, USA) or an HFD (59.4% fat calories, 18.1%
protein calories, and 22.5% carbohydrate calories; TestDiet, St.
Louis, MO, USA). After 2 months of HFD regimen, half of the
HFD mice were given daily metformin treatments at a dose of
150 mg/kg through oral gavage. Body weight and food intake
were measured weekly. Nonfasting blood glucose levels and
glucose tolerance were measured monthly by taking blood
from the tail vein. Glucose levels were measured using Clarity
Plus blood glucose monitoring system (Diagnostic Test Group,
Boca Raton, FL, USA).

Glucose Tolerance Test

Mice were fasted for 8 hours and given a single intraperitoneal
(IP) injection of D-glucose (Sigma-Aldrich Corp., St. Louis, MO,
USA) at a dose of 2 g per kg of body weight. Blood samples
drawn from the tail vein were used to measure glucose levels,
using Clarity Plus blood glucose monitoring system (Diagnostic
Test Group) at 0, 30, 60, 90, and 120 minutes following the
glucose injection.

In Vivo Electroretinogram

In vivo ERG retinal light responses were recorded as
described previously.26 Mice were dark-adapted for a mini-
mum of 3 hours and anesthetized with an IP injection of
Avertin (2% 2,2,2-tribromoethanol, 1.25% tert-amyl alcohol;
Fisher Scientific, Pittsburgh, PA, USA) solution (12.5 mg/ml)
at a dose of 500 ll per 25 g of body weight. Pupils were
dilated using a single drop of 1% tropicamide/2.5% phenyl-
ephrine mixture for 5 minutes. Mice were placed on a heating
pad to maintain body temperature at 378C. The ground
electrode was placed on the tail, and the reference electrode
was placed under the skin in the cheek below the eye. A thin
drop of Goniovisc (Hub Pharmaceuticals, Rancho Cucamon-
ga, CA, USA) was applied to the surface of the cornea to keep
it moist, and a threaded recording electrode conjugated to a
minicontact lens (Ocuscience, Henderson, NV, USA) was
placed on top of the cornea. All preparatory procedures were
done under dim red light, and the light was turned off during

the recording. A portable ERG device (OcuScience) was used
to measure scotopic ERG recordings at light intensities of 0.1,
0.3, 1, 3, 10, and 25 candela.second/meter2 (cd.s/m2).
Responses to 4 light flashes were averaged at the lower light

FIGURE 1. Metformin slows the rate of weight gain and controls diet-
induced hyperglycemia in HFD mice. Mice were fed a normal chow
diet (Control [open square]) or HFD (open circle). Two months after
the diet regimen, half of the HFD mice were given daily oral metformin
treatments (gray triangle). (A) Mice fed HFD had a significant weight
gain starting 1 week after HFD compared to the control (*). The HFD-
fed mice given daily metformin (HFDþMet) showed decelerated weight
gain compared to the HFD mice without metformin intervention
(HFD). # indicates statistical significance between the control and
HFDþMet groups. & indicates statistical significance between the HFD
and HFDþMet groups. (B) HFD-fed mice had an increase of nonfasting
blood glucose after 2 months of the diet regimen. Following 1 month of
metformin treatment, the resting blood glucose levels of HFDþMet
mice were back to control levels. (C) The ability of metformin to
control HFD-induced hyperglycemia is shown by the glucose tolerance
test. *,#,&P < 0.05.
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intensities (0.1, 0.3, 1.0, and 3.0 cd.s/m2), whereas only 1

light flash was applied for the higher light intensities (10 and

25 cd.s/m2). A 1-minute recovery period was programmed

between different light intensities. The amplitudes and

implicit times of the a-wave, b-wave, and oscillatory potentials

(OPs) were recorded and analyzed using ERGView 4.4

software (OcuScience). Both eyes were included in the
analyses.

Immunofluorescent Staining

Mouse eyes were excised and prepared as previously
described.26 Briefly, eyes were fixed with Zamboni fixative

FIGURE 2. Scotopic ERG implicit times and oscillatory potential responses are decreased in mice given HFD for 1 month. (A) Representative
scotopic ERG and oscillatory potential waveforms recorded from control and HFD-fed mice at light intensity of 25 cd.s/m2 are shown. (B) The
average scotopic ERG a- and b-wave implicit times were delayed in HFD-fed mice after 1 month of HFD compared to that in controls, but there were
no differences in ERG amplitudes. (C) The oscillatory potential amplitudes (OP1–OP4) of HFD mice were significantly decreased, and the implicit
times were delayed compared to those of the controls. Student’s t-test was used for statistical analysis. *P < 0.05.
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and processed for paraffin sectioning at 4 lm. Each glass slide
contained single paraffin sections from the control, HFD, and
HFD plus metformin (HFDþMet) groups. After deparaffiniza-
tion and antigen retrieval, sections were washed in phosphate-
buffered saline (PBS), blocked with 10% goat serum for 2 hours
at room temperature and then incubated overnight with

primary antibodies at 48C. The next day, sections were washed
with PBS several times and incubated with fluorescent-
conjugated secondary antibodies for 2 hours at room
temperature and mounted with ProLong Gold antifade reagent
containing 40,6-diamidino-2-phenylindole (DAPI; Invitrogen/
Life Technologies, Grand Island, NY, USA). The primary

FIGURE 3. Scotopic ERG amplitudes, implicit times, and oscillatory potential responses were further decreased in mice given HFD for 2 months. (A)
Representative scotopic ERG and oscillatory potential waveforms recorded from control and HFD-fed mice at light intensity of 25 cd.s/m2 are
shown. (B) The average scotopic ERG a- and b-wave amplitudes were decreased, and implicit times were delayed in mice under 2 months of HFD
compared to controls. (C) The oscillatory potential amplitudes of HFD mice are also significantly decreased, and the implicit times are delayed
compared to those of the controls. Student’s t-test was used for statistical analysis. *P < 0.05.
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FIGURE 4. Metformin treatment for 3 months does not decrease HFD-induced retinal deficiencies. Control mice were fed standard chow for 5
months. Test mice were fed HFD for 5 months. The HFDþMet mice were given HFD for 5 months and metformin for the last 3 months. (A)
Representative scotopic ERG and oscillatory potential waveforms recorded from controls, HFD-fed mice, and HFD mice treated with metformin at
light intensity of 25 cd.s/m2 are shown. (B) HFD-fed mice have decreased a- and b-wave amplitudes and delayed b-wave implicit times compared to
those of the controls (*). The HFDþMet mice have decreased a-wave and b-wave amplitudes and delayed b-wave implicit times compared to those of
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antibodies used were anti-phospho-protein kinase B
(pAKTThr308; 1:100 dilution; Cell Signaling Technology, Dan-
vers, MA, USA), anti-AKT (total AKT; 1:100 dilution; Cell
Signaling Technology), anti-di-phospho-extracellular signal-reg-
ulated kinase (pERK; 1:100 dilution; Sigma-Aldrich Corp.), anti-
ERK (total ERK; 1:100 dilution; Santa Cruz Biotechnology,
Dallas, TX, USA), anti-phospho-AMPK (pAMPKThr172; 1:100
dilution; Cell Signaling Technology), and anti-AMPK (total
AMPK; 1:100 dilution; Cell Signaling Technology). The
secondary antibodies used were Alexa Fluor 488 goat anti-
rabbit immunoglobulin G (IgG; 1:150 dilution; Molecular
Probes/Life Technologies, Grand Island, NY, USA) and Cy5
goat anti-mouse IgG (1:150 dilution; Abcam, Cambridge, MA,
USA). Images were obtained using a Stallion microscope (Carl
Zeiss AG, Oberkochen, Germany). Each fluorescent image from
control, HFD, and HFDþMet groups was taken under identical
settings, including the same exposure time and magnification.
Image analysis consisted of selecting and analyzing three
fluorescent images from each retinal tissue section, which
included all retinal layers (from the photoreceptor outer
segment to the ganglion cell layer). The averaged fluorescence
intensity per pixel for each image was quantified without any
modification, using the luminosity channel of the histogram
function in the Photoshop 6.0 software (Adobe Systems, San
Jose, CA, USA), and the green or red fluorescence intensities
were measured on a scale of 0 to 255 brightness levels. A total
of 3 to 5 retinal sections from each animal were processed for
immunostaining and image analyses.

Fluorescein Angiography (FA)

Mice were anesthetized using an IP injection of Avertin (12.5
mg/ml) at a dose of 500 ll per 25 g of body weight. Pupils were
dilated using a single drop of 1% tropicamide/2.5% phenyl-
ephrine mixture for 5 minutes. Immediately following pupil
dilation, 10% sodium fluorescein (Akorn, Lake Forest, IL, USA)
was injected IP at a dose of 50 ll per 25 g of body weight.
Images were taken using iVivo Funduscope for small animals
(Ocuscience). The vascular parameters were further analyzed
using Photoshop version 6.0 (Adobe Systems) and AngioTool
software, a free software developed by the US National
Institutes of Health/National Cancer Institute (Bethesda, MD,
USA).28 Areas of 289 3 289 pixel2 in the central retina (400
pixels from the optic nerve), as well as in the peripheral retinal
region (800 pixels from the optic nerve), were cropped using
Photoshop. For each FA-cropped image, at least 2 areas from
the central and peripheral retinal regions were obtained to
analyze the microvascular density (the percentage of vascular
area compared to the retinal area), vessel area, vessel branch
points, and average nonvascular area (average lacunarity),
using AngioTool. The primary retinal arteries and veins were
not included in the analyses.

Western Immunoblot Analysis

Retina samples were collected as previously described.26,27

Briefly, 2 retinas from a single mouse were pooled and counted
as 1 sample. Intact retinas were homogenized in a Tris lysis
buffer (50 mM Tris, 1 mM EGTA, 150 mM NaCl, 1% Triton X-

100, 1% b-mercapto-ethanol, 50 mM NaF, 1 mM Na3VO4; pH,
7.5). Samples were separated using 10%-sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to
nitrocellulose membranes. The primary antibodies used were
anti-phosphorylated nuclear factor j-light-chain enhancer of
activated B cells complex (NFjB) P65 at Ser536 (pP65; Cell
Signaling Technology) and NFjB P65 (Total P65; Cell Signaling
Technology). Blots were visualized using appropriate second-
ary antibodies conjugated to horseradish peroxidase (Cell
Signaling Technology) and an enhanced chemiluminescence
detection system (Pierce, Rockford, IL, USA).

Bio-plex Assay for Cytokine Profiling

Because of the small size of mouse eyes, the vitreous and lens
from both eyes were harvested and pooled (as n ¼ 1) for Bio-
plex analyses of intraocular cytokines. The assay was per-
formed according to instructions from the manufacturer (EMD
Millipore, Darmstadt, Germany). The concentrations of chosen
cytokines were determined using the Milliplex Map kit (EMD
Millipore) and detected using the Bio-Plex 200 system (Bio-Rad,
Hercules, CA, USA). Data were analyzed using Bio-Plex
Manager software (Bio-Rad). The cytokine profile included
interleukin-6 (IL-6), IL-2, monocyte chemoattractant protein-1
(MCP-1), granulocyte colony-stimulating factor (G-CSF), and
vascular endothelial growth factor (VEGF).

Statistical Analyses

All data are mean 6 standard error of the mean (SEM).
Statistical analyses were carried out using Origin 8.6 software
(OriginLab, Northampton, MA, USA). The Student’s t-test was
used for statistical comparisons between the control and HFD
groups. 1-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test was used for statistical analyses among
the control, HFD, and HFDþMet groups. Throughout, both
eyes from the same animal were used in the analyses, and the
sample size n was the number of animals per group. P values
<0.05 were regarded as significant.

RESULTS

Metformin Decelerated Body Weight Gain and
Reversed Hyperglycemia in HFD Diabetic Animals

Mice fed a HFD for 2 weeks (Fig. 1, open circle) already had a
significant weight gain compared to the controls (Fig. 1A, open
square). Treatment with metformin in HFD-induced obese
mice (Fig. 1, gray triangles) slowed down their weight gain
compared to HFD mice without metformin intervention (Fig.
1A). Mice under the HFD regimen for 2 months developed
hyperglycemia (Fig. 1B), but after metformin for only 1 month,
the nonfasting blood glucose levels of these HFD mice
returned to normal levels (Fig. 1B). The glucose tolerance test
results after 1 month of metformin treatment further verified
the effectiveness of metformin in antihyperglycemia and
reversing the glucose intolerance in HFD obese mice back to
the control level (Fig. 1C). Hence, metformin was effective in
controlling systemic glycemia and weight gain.

controls (#). The HFDþMet mice had delayed b-wave implicit times compared to those of HFD mice (&), but there were no statistical differences
between the in a-wave amplitudes, b-wave amplitudes, and a-wave implicit times in the HFD group and those in the HFDþMet group. (C) The
oscillatory potential amplitudes were decreased, and implicit times were delayed in HFD-fed mice compared to those in the controls (*). The
oscillatory potential amplitudes were decreased and implicit times were delayed in HFDþMet mice compared to those in the controls (#).
Furthermore, HFDþMet mice had decreased OP amplitudes and delayed implicit times compared to those in the HFD-fed mice (&). (D) Maximal
scotopic a- and b-wave amplitudes are unchanged in control mice over time. However, maximal scotopic a- and b-wave amplitudes of HFD-fed mice
are decreased after 2 months and further decreased after 5 months of the diet regimen. Treatments with metformin for 3 months (HFDþMet) did not
reverse the a- and b-wave amplitudes back to control levels. *,#,&P < 0.05.
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FIGURE 5. Metformin reverses HFD-induced effects on the immunofluorescent intensities of several proteins in mice retina. Mouse retinal sections
(4 lm) were processed for immunofluorescent staining. Control mice (Con) were given standard chow for 7 months. The HFD-fed mice (HFD) were
given HFD for 7 months. The HFDþMet (HFDþMet) mice were given HFD for 7 months and treated with metformin for the last 5 months. (A–C) The
fluorescent images of pAKT (A) and total AKT (B) and the statistical analyses of the fluorescent intensities in the control, HFD, and HFDþMet retinas
(C) are shown. The pAKT fluorescent intensity of HFD retinas is significantly lower (*) than those in the other two groups. (D–F) The fluorescent
images of pERK (D) and total ERK (E) and the statistical analyses of the fluorescent intensities in the control, HFD, and HFDþMet retinas (F) are
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HFD-Induced Retinal Dysfunction Began With
Dampened Oscillatory Potential Responses

We previously showed that retinal light responses decreased
after mice were fed a HFD for 3 months.26 To further
determine when HFD-induced obesity caused retinal dysfunc-
tion, we measured the retinal light sensitivities with scotopic
ERG recordings after the mice were fed the HFD for only 1
month. We found that the amplitudes of ERG a- and b-waves in
HFD mice (Fig. 1, gray circles) were similar to those of the
controls (Figs. 2A, 2B, open squares), but the HFD mice had
longer a- and b-wave implicit times (Fig. 2B). These HFD mice
also had significantly decreased OP amplitudes and delayed OP
implicit times compared with the control mice (Figs. 2A, 2C),
which indicates a possible early sign of obesity-induced retinal
dysfunction, as a delayed OP latency is the first sign of an early
diabetic retina in both rodents and humans.29–31

Metformin Treatment Did Not Improve the HFD-
Induced Decreases in Retinal Light Responses

After 2 months of HFD, the retinal light responses in HFD mice
(Fig. 3, gray circles) were further deteriorated (Fig. 3).
Compared to the control (Fig. 3, open squares), these HFD
mice had decreased a- and b-wave amplitudes (Figs. 3A, 3B) in
addition to the functional deficits previously observed after 1
month of HFD (Figs. 3A, 3C). After 5 months of HFD, the
retinal light responses in these HFD mice (Fig. 3, open circles)
worsened and were significantly lower than those of the
control mice (Fig. 4, open squares). However, the retinal light
responses in HFDþMet mice (Fig. 4, gray triangles) did not
improve, as measured by ERG a- and b-waves (Figs. 4A, 4B),
and their OPs were further aggravated (Figs. 4A, 4C), even
though these HFD mice had been treated with metformin for
the first 3 months (Fig. 4D).

Metformin Restored Cell-Signaling Proteins in the
Retina That Were Affected by HFD

Although metformin did not recover HFD-induced retinal
dysfunction, we next examined whether oral administration
of metformin impacted the retina of HFD mice at the molecular
level. We determined the activation/phosphorylation of
AKT,32,33 ERK,34 and AMPK35 signaling, as these kinases are
critical in cell metabolism, growth, and survival. Mice receiving
a HFD for 6 months had a decrease in the phosphorylation of
AKT (pAKT) and AMPK (pAMPK) but an increase in activated
ERK (pERK) in the retina, and there were no apparent changes
in the total amounts of AKT, ERK, and AMPK in the HFD retina
compared with control retinas (Fig. 5, Con). The retinas from
HFDþMet mice treated for 3 months with HFD and metformin
for 4 months had a recovery in these signaling molecules: their
pAKT and pAMPK expression levels were no longer dampened
and were similar to those of the controls, whereas the level of
pERK was decreased and comparable to that of the control
level (Fig. 5). Interestingly, the retinas from these HFDþMet
mice had an apparent up-regulation of total AMPK and pAMPK
compared to the controls, which indicated that metformin

might have a direct effect on AMPK in the neural retina, as
metformin is known to up-regulate the expression and
activation of AMPK in the kidney,36 adipose tissue,13,37 and
heart.38

Metformin Treatment Did Not Rescue HFD-
Induced Neovascularization in the Retina

We recently demonstrated that after 6 months of HFD, the HFD
mouse retinas developed ‘‘neovascularization’’ with an appar-
ent increase of retinal vasculature density and microaneurysm-
like structures,27 so we next examined whether metformin
treatments could stop the process of neovascularization in the
HFD mouse retina. We used FA28 and AngioTool to compare
changes in the central and peripheral retinal vasculature of the
control, HFD, and HFDþMet mice (Fig. 6A). In the central
retina, there were no differences in any vascular parameters
among the three experimental groups (Fig. 6B). However, in
the peripheral retina, mice receiving HFD for 6 months had a
significant increase in vascular density, vessel area, and the
number of branch points compared to those of the control
mice (Fig. 6C), whereas the average retinal area without
detectable vasculature (average lacunarity) was decreased in
HFD mice and HFDþMet (Fig. 6C). Thus, mice eating HFD for 6
months had retinal neovascularization, but treatment with
metformin for 4 months did not improve HFD-caused retinal
neovascularization (Fig. 6C).

Metformin Treatment Decreased Inflammation

Because metformin has anti-inflammatory properties,39 we
next determined whether metformin could reverse HFD-
induced intraocular inflammation. Western blot analysis
showed a significantly higher expression of pP65, a subunit
of NFjB transcription complex and a biomarker for inflamma-
tion,40 in HFD mouse retina than that in controls, but the
retinas of HFD mice treated with metformin had less pP65 than
the HFD mouse retinas (Fig. 7A). We further analyzed the
intraocular inflammatory cytokines from mouse vitreous and
lenses by using the Bio-plex assays. Generally, all cytokines
analyzed in this study (including IL-6, IL-12, MCP-1, G-CSF, and
VEGF) were increased in the HFD mice with significant
increases in the levels of IL-6, G-CSF, and VEGF compared to
those in the controls (Figs. 7B, 7E, 7F). Metformin treatments
were able to reduce the levels of all cytokines, with IL-6 and
VEGF significantly decreased, back to control levels (Figs. 7B,
7F). These data provided evidence that metformin indeed
reduced intraocular inflammation in HFD mice.

DISCUSSION

In this report, we examined the effects of metformin, an
antihyperglycemic agent, on retinal function and physiology in
mice with HFD-induced diabetes. We hypothesized that
controlling systemic glycemia with metformin could recover
HFD-induced retinal dysfunction. As seen in human patients,
where ERG OPs are more sensitive to diabetic stress,41,42 we

shown. The fluorescent intensity of pERK in the HFD-fed mouse retina is significantly higher (*) than those in the control and HFDþMet retinas. (G–
I) The fluorescent images of pAMPK (G) and total AMPK (H) and the statistical analyses of the fluorescent intensities in the control, HFD, and
HFDþMet retinas (I) are shown. The fluorescent intensity of pAMPK in the HFD retinas is significantly lower (*) than those in the control and
HFDþMet retinas (*), whereas pAMPK is significantly higher in the HFDþMet mouse retina (#) than those of the control and HFD retinas. The
fluorescent intensity of total AMPK is significantly higher in the HFDþMet retina (#) than those of the other two groups. Scale bar: 50 lm. INL, inner
nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer. (C, F, I) Box plots represent the distribution of
fluorescent intensities within a specific group. The black line represents the median, and the gray line represents the mean of the specific group. N

is the number of animals in the group. *,#P < 0.05.
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FIGURE 6. Metformin does not reverse HFD-induced neovascularization. Fluorescein angiography was used to determine the retinal vasculature in
mice fed normal chow (control), fed HFD for 6 months (HFD), or HFD-fed mice treated with metformin (HFDþMet). (A) Commercial software
(AngioTool) was used to determine the vascular parameters including vascular density, vessel area, number of vessel branch points, and average
nonvascular space (average lacunarity). (B) There were no statistical differences between vascular density, vessel area, the number of branch points,
and average lacunarity of the HFD retinas and those of HFDþMet mice in the central region of retinas. (C) In the peripheral regions of retinas, there are
statistical differences in HFD mice vascular density, vessel area, number of branch points, and average lacunarity between the control and HFD-fed mice
(*), as well between the control and HFDþMet mice (*). Box plots represent the distribution of fluorescent intensities within a specific group. The
black line represents the median, and the gray line represents the mean of the specific group. N is the number of animals in the group. *P < 0.05.
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observed that 1 month after HFD regimen, the HFD mice had
decreased OPs and delayed OP implicit times, even though
these HFD mice had not yet developed systemic hyperglyce-
mia. These data indicate that retinal function may be
compromised under prediabetic conditions, preceding system-
ic hyperglycemia. With the development of diabetes, both the
ERG a- and the b-waves were dampened after 2 months of HFD,
which were concurrent with the development of hyperglyce-
mia. Treatment with metformin significantly decelerated
weight gain and controlled systemic blood glucose levels in
HFD mice, but it was not able to restore the retinal function.
The ERG OP amplitudes were further decreased and implicit
time was delayed more in HFDþMet mice than in HFD mice

without metformin intervention. It is possible that, if
metformin was given at a higher dose or at an earlier stage, it
might be able to reverse HFD-induced retinal dysfunction.
However, the dose we chose was previously used to
successfully reverse obesity-induced hyperglycemia and liver
damage.43 We started the metformin treatments in these HFD
mice after hyperglycemia developed to simulate human
diabetic patients where treatments often start after systemic
hyperglycemia is detected. However, metformin successfully
acted as a protective drug in various disease models when used
to pretreat animals prior to the induction of diseases, including
acute kidney injury44 and cerebral forebrain ischemia.45,46

Thus, it is possible that metformin is more beneficial if it is

FIGURE 7. Metformin reduces HFD-induced intraocular inflammation. The retinas, vitreous, and lenses were collected from mice fed normal chow,
or HFD for 6 months, or HFD mice treated with metformin for the last 4 months. (A) Retinas were harvested and subjected to Western blot analysis
of phosphorylated P65 (pP65) and P65 (Total P65; loading control). The HFD retina has a significantly higher pP65 (*) than those of the other two
groups. (B–F) Inflammatory cytokine profiles were analyzed from the vitreous and lenses obtained from the control, HFD, and HFDþMet groups: (B)
interleukin-6 (IL-6), (C) IL-12, (D) MCP-1, (E) G-CSF, and (F) VEGF. The HFD-fed mice have a significantly higher IL-6 (B) and VEGF (F) than those of
the other two groups (*). The HFD-fed mice also have a significantly higher G-CSF (E) than that of the control (*). Box plots represent the
distribution of data within a specific group. The black line represents the median, and the gray line represents the mean of the specific group. N is
the number of animals in the group. *P < 0.05.
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given at an earlier, prediabetic stage as a ‘‘preventive’’ strategy
rather than as a ‘‘treatment’’ for diabetic retinas.

In a recent report,25 mice fed a HFD containing 42% fat
calories developed diabetes by 6 months of the diet regimen,
and by 12 months decreased OPs with delayed OP implicit
times, as well as vascular complications including atrophic
capillaries and pericyte ghosts were apparent. Interestingly,
there were no significant changes in the ERG a- and b-waves
recorded from those HFD mice.25 We consistently observed
that mice fed a HFD containing 59.4% fat calories developed
glucose intolerance and insulin resistance at the end of 3
months of the HFD regimen,26,27 which is consistent with
other reports using a HFD with the same fat calories.43,47 These
HFD mice had significant weight gain only 2 weeks after the
diet regimen compared to the controls. As we previously
reported,26,27 the ERG a- and b-waves in these HFD mice have
decreased amplitudes and delayed implicit times. In the
current study, we further demonstrated that OPs were affected
in the HFD mice even before systemic hyperglycemia. These
results indicate that a higher fat content in the diet might
exaggerate the progression of DR by adversely impacting the
neural retina prior to the ‘‘symptoms’’ of diabetes, such as
hyperglycemia. Thus, we postulate that obesity due to
consumption of higher fat-content food might negatively affect
vision even before the diagnosis of diabetes. Further clinical
research to correlate human dietary habits and vision
impairment will be needed to determine this possibility.

Despite metformin’s inability to recover retinal function, it
had significant effects on several cell-signaling proteins in the
retina that were altered by HFD. In context of the pathogenesis
of DR, the phosphoinositide 3-kinase-AKT (PI3K-AKT) pathway
has been shown to regulate angiogenesis.48 Previously, we
showed that HFD-induced type 2 diabetic retinas have reduced
pAKT, which is also seen in STZ-induced type 1 diabetic
mice.49 In this report, we found that metformin treatments
restored pAKT and increased AMPK and pAMPK in HFD mouse
retinas. AMPK is a cellular energy sensor, and activated AMPK
further stimulates catabolic processes for increasing ATP
production.35 In muscles, AMPK activates the PI3K-AKT
pathway that leads to increased glucose uptake into muscle
cells.50 We previously showed that activation of AMPK leads to
activation of AKT and its downstream signaling in the avian
retina.51 Metformin is known to up-regulate the expression and
activation of AMPK in the kidney,36 adipose tissue,13,37 and
heart.38 Hence, the effects of metformin on pAKT could be a
downstream effect from its activation of AMPK-dependent
signaling.

In addition, increased pERK is correlated with the presence
of proinflammatory cytokines.52 Activation of ERK is involved
in the up-regulation of VEGF, an angiogenic protein that causes
microvascular complications and neovascularization in DR.53

We showed that there was an increase of pERK in the retinas of
HFD mice and that metformin reduced pERK in HFD-mouse
retina. Furthermore, HFD mouse retinas had increased
expression of pP65 compared to controls, which was reduced
in retinas of HFDþMet mice. Obesity is known to induce
systemic inflammation,54,55 but induction of systemic inflam-
mation does not correlate with retinal inflammation,56 which is
why vitreous biopsy samples are often used from patients to
determine intraocular inflammation clinically. However, due to
the small size and limited vitreous of mouse eyes, we had to
analyze the status of intraocular inflammation from both
vitreous and lenses to mimic human clinical settings, which
was technically challenging. The expression of proinflamma-
tory cytokines in HFD mice was increased, and metformin was
able to reverse HFD-induced intraocular inflammation. Unfor-
tunately, metformin treatment was unsuccessful in recovering
retinal light sensitivities and hindering neovascularization.

In summary, metformin treatment successfully reversed
hyperglycemic conditions and decreased intraocular inflam-
mation in HFD mice but was unable to restore the retinal light
responses. Development of therapeutic treatments for DR
might require a multi-pronged approach in addition to
antihyperglycemia and anti-inflammation.
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