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PURPOSE. The purpose of this study was to investigate the impact of obesity-induced
prediabetes/early diabetes on the retina to provide new evidence on the pathogenesis of type
2 diabetes–associated diabetic retinopathy (DR).

METHODS. A high-fat diet (HFD)–induced obesity mouse model (male C57BL/6J) was used in
this study. At the end of the 12-week HFD feeding regimen, mice were evaluated for glucose
and insulin tolerance, and retinal light responses were recorded by electroretinogram (ERG).
Western immunoblot and immunohistochemical staining were used to determine changes in
elements regulating calcium homeostasis between HFD and control retinas, as well as
unstained human retinal sections from DR patients and age-appropriate controls.

RESULTS. Compared to the control, the scotopic and photopic ERGs from HFD mice were
decreased. There were significant decreases in molecules related to cell signaling, calcium
homeostasis, and glucose metabolism from HFD retinas, including phosphorylated protein
kinase B (pAKT), glucose transporter 4, L-type voltage-gated calcium channel (L-VGCC), and
plasma membrane calcium ATPase (PMCA). Similar changes for pAKT, PMCA, and L-VGCC
were also observed in human retinal sections from DR patients.

CONCLUSIONS. Obesity-induced hyperglycemic and prediabetic/early diabetic conditions caused
detrimental impacts on retinal light sensitivities and health. The decrease of the ERG
components in early diabetes reflects the decreased neuronal activity of retinal light
responses, which may be caused by a decrease in neuronal calcium signaling. Since PI3K-AKT
is important in regulating calcium homeostasis and neural survival, maintaining proper PI3K-
AKT signaling in early diabetes or at the prediabetic stage might be a new strategy for DR
prevention.
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Diabetes is a fast-growing global problem with 90% of
diabetic patients suffering from type 2 diabetes (http://

www.who.int/mediacentre/factsheets/fs312/en/; provided in
the public domain by the World Health Organization). In the
United States, obesity-associated type 2 diabetes has reached
epidemic proportions with more than 68% of American adults
considered overweight or obese (http://win.niddk.nih.gov/
statistics/index.htm; provided in the public domain by the
National Institute of Diabetes and Digestive and Kidney
Diseases). One major complication of diabetes is diabetic
retinopathy (DR), the leading cause of blindness among
American adults.1–3 More than 60% of type 2 diabetic patients
will develop DR.4,5 Even though DR is a dual disorder with
microvascular complications and retinal degeneration, clinical-
ly, DR has been investigated and treated as a complication of
retinal vasculature.6 However, recent developments of highly
sensitive techniques, such as the multifocal electroretinogram
(ERG),7 suggest that the neural retina starts to degenerate in
early diabetes before clinical signs of DR and any vascular
complications. The distorted color vision and altered cone
pathway responses, including the delayed ERG a-wave implicit
time, are among the first clinical signs in diabetic patients

without DR.8–10 Changes in retinal microglia, loss of contrast
sensitivity, and degeneration of neural retina are all early
features of retinopathy before onset of detectable vascular
changes.6,8 Hence, changes in the neural retina due to diabetic
conditions precede any vascular complications.

Impaired calcium (Ca2þ) homeostasis is observed in neurons
in diabetic neuropathy,11 as well as in DR.12–14 Dysregulation of
intracellular Ca2þ levels causes neuronal death and contributes
to neurodegenerative diseases.15 In the retina, impaired Ca2þ

homeostasis due to environmental stresses, such as bright light
or heavy metal toxicity, leads to photoreceptor apoptosis and
retinal degeneration,16,17 emphasizing the importance of Ca2þ

homeostasis for neuronal survival. Calcium is highly compart-
mentalized in the retinal photoreceptor,18,19 and intracellular
Ca2þ homeostasis is dynamically regulated by Ca2þ channels,
transporters, and intracellular Ca2þ stores.19 Calcium influx
through L-type voltage-gated calcium channels (L-VGCCs), the
major Ca2þ channel present in the photoreceptor inner
segments and synaptic terminals, is essential for neurotrans-
mitter release, Ca2þ homeostasis, and other cellular process-
es.18,20,21 Mutations of the L-VGCCa1 subunit cause a defect in
photoreceptor neurotransmission and congenital blind-
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ness.22–25 In several inherited retinal degeneration diseases,
abnormal intracellular Ca2þ concentration is often observed in
apoptotic photoreceptors.26,27 The Ca2þ influx via L-VGCCs
activates phospholipase C (PLC) and triggers a release of Ca2þ

from the endoplasmic reticulum (ER) Ca2þ stores, which
increases intracellular Ca2þ concentration,18,28,29 subsequently
activating multiple cellular responses, including Ca2þ uptake/
refilling by ER, metabolism, and gene expression.18,28,29 The
PLC-dependent increase of intracellular Ca2þ concentration
then induces feedback regulation and modulates L-VGCC
activities in cones30 and other cell types.31–35 Plasma
membrane Ca2þ ATPase 1 (PMCA1) is another critical player
in Ca2þ homeostasis36 by extruding excess Ca2þ at the synaptic
terminals of photoreceptors and other retinal neurons.28,37,38

Importantly, the L-VGCCs regulate PMCA1 trafficking and
translocation into the plasma membrane at the photoreceptor
synaptic terminals.39 Hence, Ca2þ influx through L-VGCCs
leads to changes in ER Ca2þ stores and PMCA1, with further
feedback modulation on L-VGCCs. The dynamics among L-
VGCCs, intracellular Ca2þ stores, and PMCA1 are responsible
for maintaining Ca2þ homeostasis and overall health of
photoreceptors.

In the retina, the intracellular glucose levels fluctuate
following systemic glycemia.40,41 Hyperglycemia is sufficient to
initiate the development of DR in animal models.4,42 For
example, the L-VGCCs are decreased in the pericytes of retinal
microvasculature isolated from DR animals.43 In in vitro
studies, stimulus-induced increase of intracellular Ca2þ con-
centration is significantly enhanced in cultured retinal cells
that are under acute hyperglycemic conditions.13,14 Hence, it is
possible that chronic hyperglycemia in obesity-associated type
2 diabetes might impair intracellular Ca2þ homeostasis by
causing changes in L-VGCCs and PMCA1. In this study, we
examined the effects of high-fat diet (HFD)–induced obesity
and prediabetic/early diabetic conditions on retinal function.
We used ERG recordings to measure the retinal light responses,
as well as Western immunoblot and immunohistochemistry to
determine the physiological and molecular changes in the
retina caused by obesity-induced hyperglycemia.

MATERIALS AND METHODS

Animals

Male C57BL/6J mice were used in this study. 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 conditions
with 12:12 hour light–dark cycles. All mice were fed with
laboratory chow and water ad libitum. Starting at 5 weeks of
age, mice were fed either an HFD (59.4% fat calories, 18.1%
protein calories, and 22.5% carbohydrates calories; TestDiet, St.
Louis, MO, USA) or normal standard laboratory chow (as
controls; 10% fat calories, 20% protein calories, and 70%
carbohydrates calories; Research Diets, Inc., New Brunswick,
NJ, USA) for 12 weeks. Their body weight and food intake were
monitored throughout. The epididymal, mesenteric, and
perinephric fat tissues were excised from mice and weighted
to evaluate visceral fat adiposity44 at the end of the feeding
regimen.

Glucose and Insulin Tolerance Tests

At the end of the 12-week feeding regimen, mice were fasted
for 8 hours and received a single intraperitoneal injection of D-

glucose (2 g/kg body weight; Sigma-Aldrich Corp., St. Louis,
MO, USA) or insulin (1 unit/kg body weight; Gibco/Life
Technologies, Grand Island, NY, USA). For glucose tolerance
tests, blood glucose levels were detected from the tail vein
before and at 30, 60, 90, and 120 minutes after the glucose
injection. For insulin tolerance tests, blood glucose levels were
detected from the tail vein before and at 15, 30, 45, and 60
minutes after the bolus insulin injection.45–47 The blood
glucose levels were measured by the Clarity Plus Blood
Glucose Monitoring System (Diagnostic Test Group, Boca
Raton, FL, USA).

Electroretinogram

At the end of the feeding regimen (at 17 weeks of age), mice
were dark adapted for a minimum of 6 hours and anesthetized
with an intraperitoneal injection of Avertin (0.5 mL/25 g-body
weight of 2% 2,2,2-tribromoethanol, 1.25% tert-amyl alcohol;
Fisher Scientific, Pittsburgh, PA, USA). Mice were placed on a
heated pad to maintain the body temperature at 378C. The
ground electrode was placed on the tail, the reference
electrode was placed under the skin in the cheek area below
the eye, and the threaded recording electrode conjugated
with a mini contact lens (OcuScience, Henderson, NV, USA)
was placed on the surface of the cornea. A drop of Goniovisc
(Hub Pharmaceuticals, Rancho Cucamonga, CA, USA) was
applied on the surface of the cornea to keep it moist and to
maintain a proper contact between the cornea and the
recording electrode. A portable ERG device (OcuScience) was
used for the ERG recordings. For the scotopic ERG
recordings, mice were first dark adapted for at least 6 hours.
The ERG measurements were carried out sequentially at light
intensities of 0.1, 0.3, 1.0, 3.0, 10, and 25 cd�s/m2. A 1-minute
recovery period was allowed between different intensities.
Responses to four light flashes were averaged for the final
ERG measurement at the lower light intensities (0.1, 0.3, 1.0,
and 3.0 cd�s/m2), and only one light flash was applied for the
higher light intensities (10 and 25 cd�s/m2). For the photopic
ERG recordings, mice were first adapted to the background
light at 30 cd�s/m2 for 10 minutes, followed by exposure to a
series of light stimulations from 0.1 to 25 cd�s/m2 with 32
flashes (0.5-second interval) at each light intensity. Responses
to 32 light flashes were averaged for the final ERG
measurement. The amplitudes and implicit time of a- and b-
waves were recorded and analyzed by using the ERGView 4.4
software (OcuScience).

Western Immunoblot Analysis

Retina tissue samples were collected and prepared as
described previously.48,49 Two retinas collected from a single
mouse were pooled together and prepared for the whole
retinal lysate (as n ¼ 1). Briefly, intact retinas were
homogenized in a Tris lysis buffer including 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 on 10% sodium dodecyl sulfate–polyacrylamide gels
by electrophoresis and transferred to nitrocellulose mem-
branes. The primary antibodies used in this study were as
follows: anti-glucose transporter 4 (anti-GLUT4; Cell Signaling
Technology, Danvers, MA, USA), anti-phosphorylated protein
kinase B (AKT) at Thr 308 (anti-pAKTthr308; Cell Signaling
Technology), anti-AKT (total AKT, used for loading control; Cell
Signaling Technology), anti-L-VGCCa1D (Alomone, Jerusalem,
Israel), anti-PMCA1 (Santa Cruz Biochemicals, Santa Cruz, CA,
USA), anti-extracellular signal-regulated kinase (ERK42,44 used
for loading control; Santa Cruz Biochemicals), anti-NF-jB p65
(P65; Cell Signaling Technology), and anti-phosphorylated
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nuclear factor j-light-chain enhancer of activated B cells
complex (NF-jB) p65 at Ser536 (pP65; Cell Signaling
Technology). Blots were visualized by using appropriate
secondary antibodies conjugated to horseradish peroxidase
(Cell Signaling Technology) and an enhanced chemilumines-
cence detection system (Pierce, Rockford, IL, USA). Relative
protein expressions for all proteins involved in this study are

reported as a ratio to total ERK. Band intensities were
quantified by densitometry using Scion Image (National
Institutes of Health, Bethesda, MD, USA). Each experimental
group (control and HFD) contained retinas from four different
animals (n ¼ 4). All of the blots were the total proteins
prepared from the whole retinal lysates but not specifically
prepared from the plasma membrane fractions.

FIGURE 1. The body weight and blood glucose level are higher in the HFD mice than the controls. Male mice starting at 5 weeks of age were fed
normal chow (controls) or HFD for 12 weeks. Body weight (A) and blood glucose (B) were monitored periodically. Data from (A) and (B) were from
the same batch of mice (including both control and HFD mice). The glucose tolerance test (C) and insulin tolerance test (D) were performed at the
end of the 12-week feeding regimen. The glucose tolerance and insulin tolerance tests were performed on two different batches of mice, and these
mice were also different from (A) and (B). (E) The average visceral fat tissue from both groups is shown (in grams). Control (n¼ 10): 0.77 6 0.039
g; HFD (n ¼ 8): 3.02 6 0.106 g. (F) The adiposity calculated by the ratio of visceral fat tissue to body weight from both groups is shown (in
percentage). Control (n ¼ 10): 2.94% 6 0.14%; HFD (n ¼ 8): 7.28% 6 0.36%. The asterisk (*) indicates that there is a statistically significant
difference between the control and the HFD group. *P < 0.05.
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Immunohistochemistry

The unstained human retinal sections from DR patients (n¼ 3)
and age-appropriate controls (n ¼ 3) were obtained from the
National Human Tissue Resource Center (NDRI, Philadelphia,
PA, USA). Only a single section from each patient was
processed for immunostaining. The whole mouse eyes were
excised and fixed with Zamboni fixative for 24 hours. After
wash with 0.1 M phosphate-buffered saline (PBS; pH¼7.4) and
dehydration through a series of ethanol gradients, eyes were
embedded in paraffin, sectioned at 4-lm thickness, and
mounted on glass slides. The sections were first heated at
608C for 20 to 25 minutes then went through a series of
Limonene and ethanol solutions for deparaffinization. The
deparaffinized sections were processed for antigen retrieval
through incubation in 10 mM sodium citrate buffer (containing
0.05% Tween 20, pH 6.0) at 808C for 1 hour, followed by
washing with PBS. The sections were incubated with a
blocking solution containing 10% goat serum in PBS for 2
hours at room temperature after deparaffinization and antigen
retrieval procedures. The sections were then incubated with
the primary antibody at 48C overnight. The next day sections
were washed with PBS, incubated with a secondary antibody at
room temperature for 2 hours in the dark, washed with PBS,
and mounted with the ProLong Gold antifade reagents and 40,6-
diamidino-2-phenylindole (DAPI; Invitrogen/Life Technologies,
Grand Island, NY, USA). The images were taken under a Zeiss
Stallion microscope (Carl Zeiss AG, Oberkochen, Germany).
The primary antibodies used were as follows: anti–L-VGCCa1D
(1:100; Alomone), anti-PMCA1 (1:50; Santa Cruz Biochemi-
cals), anti-AKT (total AKT, 1:100; Cell Signaling Technology),
anti-pAKTthr308 (1:100; Cell Signaling Technology), P65 (1:100;
Cell Signaling Technology), and pP65 (1:100; Cell Signaling
Technology). The secondary antibodies used were Alexa Fluor
488 goat anti-rabbit IgG (1:200; Molecular Probes/Life Tech-
nologies, Grand Island, NY, USA) and Cy5 goat anti-mouse IgG
(1:200; Abcam, Cambridge, MA, USA). Three retinas from three
different animals for each group were processed, thus n ¼ 3
(three animals), and three sections from each retina were
selected.

Statistical Analysis

All data are presented as mean 6 SEM (standard error of
mean). Student’s t-test was used for statistical analysis between
the control and HFD groups. Throughout, P < 0.05 was
regarded as significant.

RESULTS

Chronic HFD Caused Hyperglycemia in Mice

Mice starting at 5 weeks of age were fed with normal chow
(controls) or HFD for 12 weeks. At the end of the 12th week,

mice given HFD had almost twice the body weight of the
controls (control: 25.79 6 0.47 g, HFD: 40.89 6 0.94 g; Fig.
1A). The average blood glucose level at the fasted state in HFD
mice was 172.67 6 5.79 mg/dL, while that of the control
group was 102.77 6 3.32 mg/dL (Fig. 1B). After being fasted
for 8 hours, mice received a single injection of D-glucose (2 g/
kg body weight) for the glucose tolerance test. The HFD mice
displayed significantly higher blood glucose levels throughout
the 120-minute course of testing than the controls (Fig. 1C;
Table 1). When the fasted mice were injected with a single
dose of insulin and monitored for blood glucose levels at
various time points, the HFD mice displayed blunted insulin
responses compared to the controls with respect to the
decreasing blood glucose levels (Fig. 1D; Table 2). These
observations were concomitant with significantly increased fat
deposition in the visceral fat tissues of HFD mice compared to
the controls (Figs. 1E, 1F). Taken together, these results
confirmed that 12 weeks of HFD feeding induced obesity in
association with prediabetic/early diabetic conditions includ-
ing hyperglycemia and insulin resistance.

The Retinal Light Responses Were Changed in HFD
Mice

We examined the overall retinal light responses in these
obese and hyperglycemic mice by using ERG recordings.
Mice were dark adapted for at least 6 hours before scotopic
testing. At lower light intensities, the retinal light responses
were mainly rod-pathway driven, while at higher light
intensities, the retinal light responses were a mixture from
rods and cones. Throughout the series of varying light-
intensity stimulations (Fig. 2A), the average ERG a-wave
amplitudes of the controls were significantly higher than
those of the HFD mice (Fig. 2B), and the a-wave implicit time
from the control was shorter than that from the HFD mice at
higher light-intensity stimulations (Fig. 2C). Similar results
were seen for the ERG b-waves (Figs. 2D, 2E). These data
(Table 3) reflected the fact that under dark-adapted condi-
tions, the photoreceptor light responses are altered; the
photoreceptor-to-bipolar cell synaptic responses, as well as
the bipolar responses, were significantly compromised and
delayed in these obese and hyperglycemic mice. We next
examined the overall retinal light responses under light-
adapted conditions. Mice were light adapted to 30 cd�s/m2

background light for 10 minutes, followed by exposure to
various light-intensity stimulations. Under these conditions,
the retinal responses were mainly cone driven. Throughout
the series of different light-intensity stimulations (Fig. 3A),
the retinas of HFD mice had weaker light responses than the
controls (Figs. 3B, 3D), even though the implicit times were
similar (Figs. 3C, 3E). These data (Table 4) showed that under
light-adapted conditions, the retinal light responses were also
compromised in HFD mice.

TABLE 1. The Glucose Tolerance Test

Time After

Glucose

Injection, min

Control Mice, n ¼ 10

Blood Glucose,

mg/dL

HFD Mice, n ¼ 10

Blood Glucose,

mg/dL

0 120.13 6 4.85 174.67 6 10.37*

30 362.51 6 30.41 570.01 6 16.36*

60 197.59 6 10.52 436.20 6 29.21*

90 140.29 6 5.13 298.97 6 21.93*

120 124.30 6 5.27 232.70 6 16.84*

Data for Figure 1C.
* P < 0.05.

TABLE 2. The Insulin Tolerance Test

Time After

Insulin

Injection, min

Control Mice, n ¼ 5

Blood Glucose,

mg/dL

HFD Mice, n ¼ 5

Blood Glucose,

mg/dL

0 1 1

15 0.639 6 0.018 0.857 6 0.050*

30 0.523 6 0.054 0.839 6 0.044*

45 0.452 6 0.044 0.743 6 0.049*

60 0.391 6 0.043 0.642 6 0.038*

Data for Figure 1D.
* P < 0.05.

High-Fat Diet–Induced Retinal Dysfunction IOVS j April 2015 j Vol. 56 j No. 4 j 2370



FIGURE 2. The ERG scotopic light responses are decreased in the HFD mice. All mice were dark adapted for at least 6 hours. The ERGs were
recorded to measure the retinal responses when mice were exposed to a series of light intensities from 0.1 to 25 cd�s/m2. (A) Representative ERG
waveforms recorded from control (left) and HFD (right) mouse eyes in response to the stimulating light intensities. (B) The average ERG a-wave
amplitudes recorded from the control are higher than the ones recorded from the HFD mice. (C) The average ERG a-wave implicit time is different
between the control and the HFD mice. (D) The average ERG b-wave amplitudes recorded from the control are higher than the ones recorded from
the HFD mice. (E) The average ERG b-wave implicit time recorded from the HFD mice is higher than the ones recorded from the control. The
asterisk (*) indicates that there is a statistically significant difference between the control and the HFD group. *P < 0.05.
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The Biochemical Profiles Were Changed in HFD
Mice

One major insulin-activated signaling pathway is the phospho-
inositide 3 kinase–protein kinase B (PI3K-AKT) pathway,
which is essential for cell metabolism and survival.50,51

Activation of AKT requires a multistep process that includes
phosphorylation of Thr308 in the kinase domain and Ser473
within the regulatory domain.52 Activated PI3K-AKT signaling
mediates intracellular glucose transporter (GLUT) trafficking to
the plasma membrane, and GLUT further facilitates cellular
glucose intake.53–55 Since glucose is the major energy source
for neurons in the retina and brain,56–59 PI3K-AKT–mediated
GLUT trafficking is essential for neuron survival. We found that
the phosphorylated AKT at Thr308 (pAKTthr308), as well as
GLUT4, the major retinal glucose transporter, were significant-
ly decreased in the whole retinal lysates from HFD mice (Figs.
4A, 4B).

Our ERG results (Figs. 2, 3) showed that both a- and b-wave

retinal light responses were decreased in HFD mice, which

indicated that the photoreceptor, bipolar cell, and the

photoreceptor-to-bipolar cell synaptic responses were all

compromised in the retina of these mice. Potentially, the

machinery mediating the Ca2þ-dependent synaptic transmis-

sion from photoreceptors to bipolar cells was down-regulated

in the retina of obese and hyperglycemic mice. Both L-VGCCs

and PMCA1 are key players of calcium homeostasis in retinal

neurons and are mediators of Ca2þ-dependent synaptic

transmission at the synapses between photoreceptors and

bipolar cells, as well as bipolar cells and ganglion

cells.18,20,21,37,38 We found that both the pore-forming a1

subunit of L-VGCCs, L-VGCCa1D, and PMCA1 were decreased

in the whole retinal lysates prepared from HFD mice (Figs. 4C,

4D). These biochemical data led us to further examine the

TABLE 3. Dark-Adapted (Scotopic) Retinal Light Responses

ERG a-Wave

Light Intensity,

cd�s/m2

a-Wave Amplitude, lV a-Wave Implicit Time, ms

Control HFD Control HFD

Scotopic 0.1 80.41 6 4.39 33.03 6 4.83* 20.94 6 0.18 14.64 6 2.88

0.3 104.10 6 9.11 69.87 6 9.95* 18.9 6 0.20 17.43 6 1.56

1 131.45 6 14.02 82.72 6 9.02* 16.62 6 0.20 13.4 6 1.58

3 157.32 6 14.57 94.09 6 11.02* 14.11 6 0.78 18.91 6 1.83*

10 212.54 6 18.83 127.45 6 15.18* 9.88 6 0.18 20.25 6 0.69*

25 220.65 6 19.85 155.37 6 17.69* 8.92 6 0.18 18.19 6 0.76*

ERG b-Wave

Light Intensity,

cd�s/m2

b-Wave Amplitude, lV b-Wave Implicit Time, ms

Control HFD Control HFD

Scotopic 0.1 387.47 6 29.63 274.75 6 40.74* 32.78 6 0.33 37.12 6 2.15*

0.3 392.56 6 26.66 304.32 6 30.49* 30.88 6 0.36 41.91 6 2.91*

1 404.24 6 26.54 344.73 6 38.27 29 6 0.27 45.53 6 1.22*

3 447.37 6 32.02 349.25 6 37.11 27.98 6 0.41 40.66 6 0.64*

10 526.48 6 37.43 398.84 6 43.79* 29.48 6 1.56 38.36 6 0.72*

25 545.27 6 46.18 423.45 6 42.89 28.66 6 1.64 35.51 6 0.38*

Data for Figure 2.
* P < 0.05.

TABLE 4. Light-Adapted (Photopic) Retinal Light Responses

ERG a-Wave

Light Intensity,

cd�s/m2

a-Wave Amplitude, lV a-Wave Implicit Time, ms

Control HFD Control HFD

Photopic 0.1 6.21 6 1.06 3.79 6 0.94 18.17 6 1.99 25.55 6 3.45

0.3 6.73 6 1.19 3.99 6 0.60 16.81 6 2.06 13.20 6 0.60

1 7.42 6 1.91 5.27 6 0.73 16.46 6 1.17 14.93 6 1.15

3 13.47 6 2.97 6.85 6 0.91 13.74 6 0.85 14.61 6 1.02

10 19.86 6 2.88 11.06 6 1.16* 16.11 6 1.60 16.47 6 2.3

25 29.28 6 3.86 20.42 6 2.33 17.54 6 0.64 15.74 6 2.48

ERG b-Wave

Light Intensity,

cd�s/m2

b-Wave Amplitude, lV b-Wave Implicit Time, ms

Control HFD Control HFD

Photopic 0.1 14.55 6 2.36 9.23 6 1.57 47.70 6 3.10 43.4 6 4.10

0.3 20.93 6 2.92 14.26 6 2.28 47.10 6 6.19 40.50 6 5.72

1 29.72 6 4.38 21 6 2.74 46.13 6 3.72 41.91 6 2.91

3 53.17 6 7.15 32.13 6 4.66* 40.18 6 0.67 40.77 6 0.65

10 83.83 6 11.80 58.88 6 8.42 39.55 6 1.01 39.31 6 0.52

25 117.25 6 19.58 79.24 6 12.76 36.46 6 0.74 36.42 6 0.24

Data for Figure 3.
* P < 0.05.
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FIGURE 3. The ERG photopic light responses are decreased in the HFD mice. All mice were first adapted to the background light at 30 cd�s/m2 for
10 minutes, followed by exposure to a series of light stimulations from 0.1 to 25 cd�s/m2 with 32 flashes (0.5-second interval) at each light intensity.
(A) Representative ERG waveforms recorded from control (left) and HFD (right) mouse eyes in response to the stimulating light intensities. (B) The
average ERG a-wave amplitudes recorded from the control are higher than the ones recorded from the HFD mice. (C) There is no statistical
difference for the average ERG a-wave implicit time at each light intensity between the control and the HFD mice. (D) The average ERG b-wave
amplitudes recorded from the control are higher than the ones recorded from the HFD mice. (E) There is no statistical difference for the average
ERG b-wave implicit time at each light intensity between the control and the HFD mice. The asterisk (*) indicates that there is a statistically
significant difference between the control and the HFD group. *P < 0.05.

High-Fat Diet–Induced Retinal Dysfunction IOVS j April 2015 j Vol. 56 j No. 4 j 2373



potential changes in the morphologic distribution of these
molecules.

Even though there was no noticeable difference in the
overall thickness and general morphology between the control
and HFD mouse retinas (Fig. 5A), the fluorescent intensities of
L-VGCCa1D and PMCA1 labeled at the synaptic layers, the
outer plexiform layer (OPL), and the inner plexiform layer (IPL)
were dampened in the retina of HFD mice (Fig. 5B). The
expression of total AKT and pAKTthr308 were also deceased in
the HFD mouse retina (Fig. 5C). Furthermore, HFD mouse
retinas showed increased inflammation denoted by increased
fluorescent staining with pP65 antibody (Fig. 6B), as well as
increased pP65 protein levels in Western blots (Fig. 6A). P65 is
a subunit of NF-jB, and pP65 is a biomarker for inflamma-

tion.60 Hence, in HFD mice, not only did the retina show signs

of inflammation, but also the PI3K-AKT signaling, GLUT4, and
the players of calcium homeostasis were all compromised.

The Expression of L-VGCCa1D, PMCA1, and

pAKTthr308 Were All Decreased in the Human DR

Retina

To verify whether our finding from the retina of HFD mice was
potentially applicable to human diabetic patients, we obtained
human retina tissue sections from patients with DR and the
age-appropriate non-DR controls (all specimens were from

people at least 79 years of age). All layers of the neural retinas

FIGURE 4. The expression of several proteins is decreased in the retina of HFD mice. Mouse retinas were harvested and subjected to Western
immunoblot analyses of (A) phosphorylated AKT at Thr308 (pAKTthr308), control: 1 6 0.062, HFD: 0.426 6 0.089; (B) GLUT4, control: 1 6 0.037,
HFD: 0.346 6 0.033; (C) L-VGCCa1D, control: 1 6 0.049, HFD: 0.479 6 0.041; and (D) PMCA1, control: 1 6 0.066, HFD: 0.488 6 0.079. The
protein levels of all four are significantly decreased in the retina of HFD mice. Each group contains retinas from four mice (n¼4). Results in (B) and
(C) were from the same batch of mice (including control and HFD), but results in (A) and (D) were from different batches of mice. *P < 0.05.
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FIGURE 5. The immunofluorescent intensities of several proteins are altered in the retina of HFD mice. Mouse retinal sections (4 lm) were
processed for immunofluorescence staining. (A) There is no significant difference in overall morphology between the control and HFD mouse retina
with hematoxylin and eosin (H&E) staining. (B) The fluorescent intensities of L-VGCCa1D and PMCA1are dampened in the retina of HFD mice.
Green: L-VGCCa1D. Red: PMCA1. Blue: DAPI. (C) Total AKT (C1), and pAKTthr308 (C2) are also dampened in the retina of HFD mice. Blue: DAPI.
Green: Total AKT (C1) or pAKTthr308 (C2). Scale bars: 50 lm. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer.
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FIGURE 6. The HFD mouse retinas show signs of inflammation. (A) Mouse retinas were harvested and subjected to Western immunoblot analyses of
total P65 and phosphorylated P65 (pP65). There is no statistical difference between the control and HFD on total P65. Left: Total P65, control: 1 6

0, HFD: 0.86 6 0.13. Right: pP65, control: 1 6 1.14, HFD: 6.46 6 2.54. Each group contains retinas from four different mice (n¼ 4); *P < 0.05.
(B1–B2) Mouse retinal sections (4 lm) were processed for immunofluorescence staining. (B1) The total P65 is weakly stained in both control and
HFD mouse retinas. (B2) The pP65 is more intensely present in the retina of the HFD mouse. Scale bars: 50 lm. Green: P65 (B1) or pP65 (B2).
Blue: DAPI.
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from the DR patients were significantly thinner than the
controls, indicating that the retinal degeneration due to DR
was more prominent than that due to aging (Fig. 7). We found
that the fluorescent intensities of L-VGCCa1D, PMCA1, and
pAKTthr308 were dampened in the neural DR retina excluding
the abnormal vascular sites. The results from human DR retinas
echoed our findings in the HFD mouse retina.

DISCUSSION

In this report, we used a diet-induced obesity mouse model to
examine the impact of prediabetic/early diabetic conditions on
retinal physiology and function. The HFD-induced obese mice
were chronically insulin resistant with significantly increased
adiposity, compared to control mice fed on a normal chow
diet. Their systemic glucose levels were significantly higher
than those of the controls. In these obese mice, retinal light
sensitivities were diminished as measured by ERGs. Both ERG
a- and b-waves under scotopic and photopic conditions were
decreased in HFD retina, which reflected the fact that
photoreceptor function, as well as synaptic transmission from
photoreceptors to bipolar cells, were affected under HFD-
induced hyperglycemia. We also found that L-VGCCa1D and
PMCA1 were decreased in HFD retina. This is the first report
on changes of L-VGCCs and PMCA1 in the neural retina from
obesity-induced prediabetic/early diabetic animals. Since L-
VGCCs and PMCAs are essential in synaptic transmission in the
retina, the decrease in L-VGCCa1D and PMCA1 contributed to
the decreased retinal light responses as reflected by the
decreased a- and b-waves of ERGs.

In addition, the activation of AKT (phosphorylated AKT)
was significantly reduced in HFD retina. Not only is PI3K-AKT
important for insulin signaling, it is also critical for ion channel
trafficking from cytosol to plasma membrane.61–66 We62,67,68

and others have demonstrated that the PI3K-AKT signaling
network regulates the translocation of L-VGCCs from the
cytosol to the plasma membrane in cone photorecep-

tors,62,67,68 cardiomyocytes,69 and COS cells.66 Inhibition of
PI3K-AKT activation disrupts L-VGCCa1 subunit trafficking and
insertion into the plasma membrane of photoreceptors,
decreases L-VGCC currents, and impairs Ca2þ homeosta-
sis.62,67,68 The major glucose transporter GLUT4 in the retina
was decreased in HFD mice. This observation was similar to
that of others noting a decrease of GLUT in other tissues.54

PI3K-AKT signaling is responsible for GLUT trafficking from
the cytosol to the plasma membrane in an insulin-dependent
manner.53–55,70,71 Hence, we postulate that under HFD-
induced prediabetic/early diabetic conditions, a decrease in
pAKT might lead to a decrease in L-VGCCs and GLUT4. This
causal-response relationship between AKT and L-VGCC/GLUT4
under obesity-induced prediabetic/early diabetic conditions in
the retina would require further investigation.

In the retina, neuronal glucose intake mostly follows the
changes in systemic glycemia.40,41 In our HFD animals, even
though average blood glucose levels did not exceed 200 mg/
dL, which is the blood glucose level associated with diabetes in
animal models,72,73 their systemic glycemia was significantly
higher than that of controls. These HFD animals also developed
chronic insulin resistance with high adiposity, which might
well mimic the condition of obese and prediabetic/early
diabetic humans. Under such prediabetic/early diabetic condi-
tions, we have already observed decreases in L-VGCCs and
PMCAs, the two essential elements in regulating Ca2þ

homeostasis of retinal neurons. The L-VGCCs are responsible
for neurotransmitter release at the synaptic terminals of several
retinal neurons, including photoreceptors and bipolar
cells.18,20,21 Both PMCA and L-VGCCs are known to colocalize
at the photoreceptor synaptic terminals37,38 with PMCA
extruding excess Ca2þ. Hyperglycemia and the increase in
advanced glycosylation end products in obesity are known to
cause aberrant calcium homeostasis in neurons, which might
be a cellular mechanism contributing to diabetic neuropathy.
Membrane depolarization–induced Ca2þ influx and Ca2þ

loading in intracellular ER Ca2þ stores are severely impaired
in diabetic neurons.11,74 Density of calcium channels is

FIGURE 7. The immunofluorescent intensities of several proteins are altered in the retina of human DR patients. The human retinal sections (~12
lm) of DR patients and the age-appropriate controls were obtained from NDRI. Top: Retinal sections from the control. Bottom: Retinal sections
from the DR patients. The overall thickness of the neural retina from DR patients is decreased compared to the age-appropriate control. The
fluorescent intensities of L-VGCCa1D, PMCA1, and pAKTthr308 are dampened in the DR retina. Scale bars: 50 lm.
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increased in the diabetic dorsal root ganglion neurons.75 The
activity of the Naþ–Ca2þ exchanger76,77 and PMCA are
decreased, leading to a net calcium overload, which has an
adverse effect on cellular functions.78 Reduced PMCA function
followed by increased intracellular Ca2þ is observed in
erythrocytes, cardiomyocytes, platelets, hepatocytes, adipo-
cytes, osteoblasts, and peripheral nerves from animal models
of diabetes.79,80 In addition, chronic hyperglycemia inhibits
synaptic PMCA activities in the brain.79

However, in HFD retinas, we observed the down-regulation
of L-VGCCs and PMCAs from the whole retina preparations,
which is different from the observations for diabetic neurop-
athy or diabetic cardiomyopathy mentioned above. We also
observed a decrease of GLUT4 in the photoreceptors and
retinal neurons in HFD retinas. Reduced GLUT4 suggests that
the retina might take up less glucose under such hyperglyce-
mic conditions, while down-regulation of L-VGCCs and PMCAs
might be the cause of decreased retinal ERG light responses
and neuronal activities. The decrease of GLUT4 could result in
cellular energy failure, so the down-regulation of L-VGCCs and
PMCA might represent an adaptation to the low energy
condition of retinal photoreceptors and neurons. It is also
possible that the down-regulation of L-VGCCs, PMCAs, and
GLUT4 could be a survival strategy of neural retina to delay the
onset of DR, which could explain why DR occurs mostly years
after the diagnosis of type 2 diabetes.

Oxidative stress is considered a major contributor to DR. In
the retina, hyperglycemic conditions cause oxidative stress
through overproduction of reactive oxygen species (ROS) or
superoxide from the mitochondria, and increased superoxide
further impairs glucose metabolism.81–84 Hyperglycemia-in-
duced ROS causes translocation of NF-jB to the nucleus and
further activates the production of many inflammatory
cytokines.84,85 Hence, antioxidants and anti-inflammatory
treatments have been sought after as treatments for
DR.82,83,86 P65 is a subunit of NF-jB complex, and once
phosphorylated and activated, pP65 acts as a transcriptional
factor and facilitates the production of preinflammatory
cytokines.60 We observed that in HFD retinas, there was an
increase in pP65. This result implies that oxidative stress–
induced inflammation might have already occurred in the
prediabetic/early diabetic retina. Thus, oxidative stress–
induced inflammation might contribute to impairment of
cellular calcium homeostasis and further cause decreased
retinal light sensitivities. Alternatively, both oxidative stress–
induced inflammation and the down-regulation of PI3K-AKT
leading to impairment of intracellular calcium homeostasis
occur concurrently in prediabetic/early diabetic retina. It is our
great interest for future investigation to determine the
potential links between oxidative stress and intracellular
calcium homeostasis.

In summary, HFD-induced prediabetic/early diabetic condi-
tions caused a decrease in retinal light responses as measured
by ERGs. PI3K-AKT signaling, L-VGCCs, and PMCA1 were
down-regulated in obesity-induced prediabetic/early diabetic
retinas, as well as in human DR retinas, suggesting that down-
regulation of PI3K-AKT and impaired calcium homeostasis
might contribute to the etiology of DR. In part, the decreased
ERG responses could be a reflection of reduced L-VGCCa1 and
PMCA1. Currently, there is no effective treatment to reverse
the retinal degeneration of DR. In this study, we correlated the
ERG abnormalities with impaired calcium homeostasis in
obesity-induced prediabetic/early diabetic retina. Since PI3K-
AKT signaling is important in regulating L-VGCCs and PMCA,
we postulate that activation of PI3K-AKT signaling in early
diabetes or in the prediabetic stage might be able to prevent
the impairment of calcium homeostasis, stop retinal degener-
ation, and become a potential treatment for DR.
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