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PURPOSE. The pathogenic mechanisms behind the development of ischemic retinopathy
are complex and poorly understood. This study investigates the involvement of exchange
protein directly activated by cAMP (Epac)1 signaling in pericyte injury during ischemic
retinopathy, including diabetic retinopathy, a disease that threatens vision.

METHODS. Mouse models of retinal ischemia–reperfusion injury and type 1 diabetes
induced by streptozotocin were used to investigate the pathogenesis of these diseases.
The roles of Epac1 signaling in the pathogenesis of ischemic retinopathy were deter-
mined by an Epac1 knockout mouse model. The cellular and molecular mechanisms of
Epac1-mediated pericyte dysfunction in response to high glucose were investigated by
specific modulation of Epac1 activity in primary human retinal pericytes using Epac1-
specific RNA interference and a pharmacological inhibitor.

RESULTS. Ischemic injury or diabetes-induced retinal capillary degeneration were asso-
ciated with an increased expression of Epac1 in the mouse retinal vasculature, includ-
ing both endothelial cells and pericytes. Genetic deletion of Epac1 protected ischemic
injury-induced pericyte loss and capillary degeneration in the mouse retina. Further-
more, high glucose-induced Epac1 expression in retinal pericytes was accompanied by
increased Drp1 phosphorylation, mitochondrial fission, reactive oxygen species produc-
tion, and caspase 3 activation. Inhibition of Epac1 via RNA interference or pharmacolog-
ical approaches blocked high glucose-mediated mitochondrial dysfunction and caspase
3 activation.

CONCLUSIONS. Our study reveals an important role of Epac1 signaling in mitochondrial
dynamics, reactive oxygen species production, and apoptosis in retinal pericytes and
identifies Epac1 as a therapeutic target for treating ischemic retinopathy.

Keywords: diabetic retinopathy, cyclic AMP, exchange protein directly activated by cAMP
(Epac)1, pericyte, mitochondrial fission

I schemic retinopathy, including diabetic retinopathy (DR),
is a vision-threatening disease. Clinically, it is charac-

terized by a period of retinal ischemia caused by reti-
nal capillary degeneration, vessel occlusion, or retarded
vessel growth, followed by neovascularization and microa-
neurysms, resulting in hemorrhages, leakage, and swelling
of the neuroretinal tissue. These changes ultimately lead to a
decline in visual acuity and even blindness.1–5 At the cellular
level, maladaptive inflammation in response to stress condi-
tions such as hyperglycemia and ischemia instigates the
production of inflammatory mediators and reactive oxygen
species (ROS), which causes a cascade of events leading
to retinal vascular dysfunction, degeneration, and ultimately
retinal neovascularization (pathological angiogenesis). The
pathogenic mechanisms underpinning the development

of ischemic retinopathy seem to be multifactorial and
remain incompletely understood, and current treatments
have significant limitations.6,7 Abnormal neovascularization
is a hallmark of proliferative retinopathy; therapy with anti-
VEGF drugs has become one of the gold standard treatments
for ischemic retinopathy. Although anti-VEGFs demonstrate
modest clinical benefits, these drugs fail to fully attenuate
clinical progression or reverse damage to the retina and
have to be administered frequently via invasive intravitreal
injections over many years.8 Thus, a better understanding of
ischemic retinopathy’s etiology and molecular mechanisms
is urgently needed to develop novel mechanism-based ther-
apeutics for this devastating disease.

The prototypic second messenger, cAMP, is a major stress-
response signal that plays a crucial role in various biological
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processes under physiological and pathological conditions.
In animals, the effects of cAMP are mainly transduced by
two ubiquitously expressed intracellular cAMP receptors,
protein kinase A and the exchange protein directly acti-
vated by cAMP (Epac).9 In mammals, two isoforms of Epac
exist, Epac1 and Epac2, which are products of indepen-
dent genes.10,11 Although Epac1 and Epac2 share signif-
icant sequence homology and similar biochemical prop-
erties, their physiological functions are mostly nonredun-
dant owing to their distinct tissue distributions and abil-
ity to form discrete signalosomes with specific cellular
partners.12–15 Epac1 is more highly abundant than Epac2
in blood vessels.16 Multiple reports demonstrate that the
expression of Epac1 is upregulated in response to vascular
injuries and promotes stenosis and atherogenesis in various
independent animal models.17–20 Our recent studies reveal
that hyperactivation of Epac1 under pathological conditions
promotes retinal neovascularization by accelerating VEGF
signaling while suppressing the Notch pathway in endothe-
lial cells (ECs).21 Although Epac1 is dispensable for retinal
vasculature development, that is physiological angiogene-
sis, genetic deletion or pharmacological inhibition of Epac1
leads to robust reductions in pathological neovasculariza-
tion and avascular area in the retina in a mouse model of
oxygen-induced retinopathy.21

In addition to the contribution of ECs, mural cells, includ-
ing pericytes, play an important role in normal vascu-
lar development,22,23 as well as in vascular remodeling in
ischemic retinopathy.24 The loss of pericytes represents
the earliest morphologic change in a diabetic retina.24–28

This process is accompanied by increased retinal capil-
lary cell apoptosis and the formation of acellular capillar-
ies and pericyte ghosts, which are early signs of retinopa-
thy in animal models of DR. The mechanisms of stress-
mediated pericyte loss are not clear. Mitochondrial dysfunc-
tion and ROS induced by hyperglycemia may be critical in
this process.29–31 In this study, we investigated the roles of
Epac1 signaling in pericyte injury in response to stress, using
various ocular and Epac1 knockout (KO) mouse models and
primary human retinal pericytes (HRPCs).

METHODS

Mice

C57BL/6 wild type (WT) and Epac1−/− mice were main-
tained as described previously.32,33 Animal care adhered to
the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research, and the Institutional Animal Care and
Use Committee of the University of Texas Medical Branch
approved the use of animals.

Retinal Ischemia–Reperfusion (IR) Model

As previously reported, the retinal IR model was estab-
lished by transient elevation of intraocular pressure (IOP).33

In short, 8- to 10-week-old mice were anesthetized with
75 mg/kg phenobarbital sodium by intraperitoneal injec-
tion, followed by topical application of 1% tropicamide,
2.5% phenylephrine, and 0.5% proparacaine hydrochloride
in sequence for pupil dilation and local anesthesia. Mice
were carefully placed on a warm pad to maintain their body
temperature. A 30G infusion needle connected to a reser-
voir of sterile saline was inserted into the anterior chamber

to create a 110-mm Hg pressure in the eye. The IOP eleva-
tion was maintained for 50 minutes to induce retinal injury.

Diabetic Mouse Model

Type 1 diabetes (DB) was induced in 8-week-old C57BL/6
mice following the standard methodology.34,35 In brief,
75 mg/kg streptozotocin (STZ, Cat. S0130; Sigma-Aldrich,
St. Louiks, MO, USA) was administered to mice fasted for
6 hours by intraperitoneal injection daily. STZ was dissolved
in a freshly prepared 0.01 M citrate buffer and injected
within 15 minutes. The blood glucose level was measured
by a glucometer. Mice with blood glucose levels higher than
300 mg/dL were considered diabetic. Mice usually become
diabetic after three to five injections. Mice were excluded
from the study if they did not have DB after five injections.
Age-matched and nondiabetic C57BL/6 mice were used as
the controls.

Retinal Trypsin Digestion Assay

Mouse eyeballs were collected after euthanasia and fixed in
2% freshly prepared paraformaldehyde overnight. The next
day, retinas were dissected, carefully cut into four petals,
and digested in 3% trypsin at 37°C with gentle shaking for 5
to 6 hours. When digestion was sufficient, a soft brush was
used to remove most of the neural tissue from the outer layer
of the retina. Next, retinas were immersed in 0.5% Triton-X-
100 for 30 minutes, and the neural residues were further
flushed away by liquid drops. Isolated vasculatures were
unfolded and dried on the slides to perform periodic acid-
Schiff/hematoxylin staining. Eight images were taken at the
mid-peripheral region for each sample using a 20× objec-
tive. Pericytes and acellular capillaries were counted from
each image for quantification by examiners blinded to the
mouse treatment or genotype.

Immunostaining of Retinal Vasculature

Mice were anesthetized and perfused with PBS to elimi-
nate the blood from the retinal vasculatures. Eyeballs were
collected for trypsin digestion, and isolated retinal vascula-
tures were fully unfolded and dried on the slides, followed
by post-fixation with 4% paraformaldehyde for 10 minutes.
After the fixative was removed by rinsing, the vasculatures
were blocked with PBS containing 5% normal goat serum
and 0.3% Triton-X-100 for 1 hour. Subsequently, the vascu-
latures were incubated with anti-Epac1 (Cat. 4155S; Cell
Signaling Technology, Danvers, MA, USA), anti-NG2 (Cat.
AB5320; MilliporeSigma, Burlington, MA, USA), and isolectin
B4 (Cat. I21412; Invitrogen, Waltham, MA, USA) at 4°C
overnight. The following day, the vasculatures were rinsed
and incubated with Alexa Fluor 488- or 594-conjugated
secondary antibodies at room temperature for 2 hours.
Images were taken using confocal microscopy (LSM 800, Carl
Zeiss Inc., Jena, Germany).

Cell Culture, Treatment, and Intracellular cAMP
Determination

HRPCs (ACBRI 183) were from Cell Systems and cultured in
4N0-500 medium (Cell Systems, Kirkland, WA, USA) formu-
lated at normal blood glucose level (low glucose [LG],
5 mM). Cell cultures were maintained in 5% CO2 humidified
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incubators at 37°C. HRPCs from passages between four and
six were used for all experiments described in this study.
Cells were seeded in 12-well or 6-well plates overnight.
When cells reached 70% to 75% confluence, they were stim-
ulated with high glucose (HG) (25 mM), with or without
30 minutes pretreatment of 5 μM Epac specific inhibitor ESI-
09 (Cat. 406603; MedKoo Biosciences, Morrisville, NC, USA).
Then the cells were harvested for protein or RNA analy-
sis. For experiments involving RNA interference, HRPCs at
70% confluence were transfected with Epac1-specific Stealth
RNAi small interfering RNA (siRNA) oligonucleotides (Cat.
HSS115936) or negative control medium GC duplex (Cat.
462001) (Thermo Fisher Scientific, Waltham, MA, USA) at
a final concentration of 50 nM using Lipofectamine 2000
(Thermo Fisher Scientific) according to the manufacturer’s
instructions. At 24 hours after transfection, cells were stimu-
lated with HG for various specified intervals and harvested
for further analyses. The intracellular cAMP of HRPCs treated
with LG or HG was measured using a Direct cAMP ELISA
kit (Cat. AD1-900-066A) from Enzo Biochem following the
manufacturer’s instructions. The relative cAMP level was
normalized to protein concentration and expressed as fold
changes over the LG control.

Real-time qPCR and Reverse Transcription
(RT)-PCR

Total RNA from HRPCs treated with LG or HG for 16 hours
was extracted with RNeasy Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions.
cDNA was prepared using a High Capacity Reverse Tran-
scription kit (Applied Biosystems, Waltham, MA, USA). Real-
time qPCR analysis was performed using iTaq Universal
SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) accord-
ing to the manufacturers’ recommendations. The qPCR
primers for human Epac1 or Epac2 used were CCT CTC CAA
CTC GGT GAA GC (forward) and CTG GCT GAA CAA CAC
GGT C (reverse), or ATT AAT GGA CGC CTG TTT (forward)
and CTC CTC AGG AAC AAA TCC A (reverse), respectively.
The target amount (2–��CT) was obtained by normalizing
to endogenous reference (GAPDH) and expressed as fold
changes over the LG control. For RT-PCR of Epac1 tran-
script variants A and B, first-strand cDNAs of Epac1 tran-
script variants were synthesized with Oligo (dT) using puri-
fied total RNA extracted from HRPCs following the protocol
of SuperScript III first-strand synthesis system. Subsequent
PCRs were performed with specific primers for Epac1A (ATG
AAG GTG GGC TGG CCA G [forward] and TCA TGG CTC
CAG CTC TCG G [reverse]) and Epac1B (ATG GTG TTG AGA
AGG ATG CAC CG [forward] and TCA TGG CTC CAG CTC
TCG G [reverse]). Final RT-PCR products were analyzed by
agarose gel electrophoresis.

Mitochondrial Fission Analysis

HRPCs were seeded on Attachment Factor (Cell Systems)-
coated coverslips for at least 18 hours. The following day,
the cells were treated with HG for 1.5 hours, with or with-
out 5 μM ESI-09 pretreatment for 30 minutes. Mitochon-
dria were stained using 100 nM MitoTracker Green FM (Cat.
M7514, Invitrogen) together with Hoechst 33342 (10 μg/mL,
Thermo Fisher Scientific) for additional 30 minutes (37°C,
5% CO2) and imaged with Nikon A1R confocal imaging
system. A minimum of 6 to 8 random fields of view were

captured for each condition. Mitochondrial morphology
was quantified as described previously36 using ImageJ soft-
ware (National Institutes of Health, Bethesda, MD, USA).
In detail, all acquired images were background subtracted,
filtered, thresholded, and binarized to identify mitochondrial
segments. Continuous mitochondria structures were counted
with the particle counting subroutine, and the number was
normalized to the total mitochondrial area (sum of all pixels
in the region of interest) to obtain the mitochondrial frag-
mentation count (Number of particles × 10,000/Total mito-
chondrial pixels) for each imaged cell. Randomly selected
images (n ≥ 5) were analyzed for each treatment group to
calculate the respective mitochondrial fragmentation count
values.

Cellular ROS Measurement

The levels of cellular ROS were monitored using a fluores-
cent probe dihydroethidium (DHE) (Cat. D11347, Thermo
Fisher Scientific) following the manufacturer’s instruc-
tions. HRPCs grown on the coverslips with HG (1 hour)
treatments were loaded with 10 μM DHE at 37°C for
30 minutes. Images were acquired using Nikon A1R confo-
cal microscopy at room temperature, and fluorescence inten-
sity was measured and quantified for randomly selected cells
(n ≥ 14) using Image J software.

Western Blot Analysis

Upon various treatments, HRPCs were lysed in 1 × Cell
Lysis Buffer (Cell Signaling Technology) supplemented with
PMSF and cOmplete, Mini, EDTA-free Protease Inhibitor
Cocktail Tablet (Roche, Basel, Switzerland). Cell lysates were
resolved on 10% or 15% stain-free SDS-polyacrylamide gels
containing 0.05% 2, 2, 2-trichloroethanol. After electrophore-
sis, images were documented by ChemiDoc Touch Imag-
ing System (Bio-Rad) for total protein loading quantifi-
cation before proteins were transferred to the Polyvinyli-
dene fluoride membrane (Millipore). After blocking with
5% nonfat milk, the blots were incubated with primary
antibodies against Epac1 clone 5D3 (Cat. 4155), phospho-
DRP1 (Ser616) (Cat. 3455), DRP1 (D6C7) (Cat. 8570), cleaved
caspase-3 (Asp175) (5A1E) (Cat. 9664), and GAPDH (Cat.
2118) (Cell Signaling Technology) at 4°C overnight, followed
by incubation with horseradish peroxidase-conjugated
secondary antibodies (Cat. 1706515 and Cat. 1706516, Bio-
Rad). Proteins were detected using Amersham ECL Prime
Western Blotting Detection Reagent (GE Healthcare Life
Sciences, Chicago, IL, USA). The intensity of the signals was
recorded with a ChemiDoc Touch Imaging System (Bio-Rad)
and quantified with ImageJ or Image Lab 6.0.1 (Bio-Rad)
software. Protein levels were first standardized against total
protein loading or an internal control such as GAPDH. The
final readout was normalized as a ratio of the protein levels
of the sample group to those of the control group. Statis-
tical analysis was performed using data from at least three
independent experiments.

Statistics

Unless stated otherwise, all data were expressed as mean ±
SEM and analyzed using the unpaired Student’s t test with
Welch’s correction for comparison between two groups or
ordinary one-way ANOVA Dunnett’s multiple comparisons
test with Geisser–Greenhouse correction for more than two
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FIGURE 1. Epac1 expression is upregulated in the retinal vasculature after IR.WT mice were subjected to IR. Three days after IR, mice
were perfused, eyeballs were collected, and the retinal vasculature was prepared by trypsin digestion. (A, B) Retinal vasculature was stained
with anti-Epac1 (green) and isolectin B4 (red) for blood vessels. The graph represents the quantification of Epac1 expression in retinal
vessels. (C) The retinal vasculature was stained with anti-Epac1 (white), anti-NG2 (green) for pericytes, isolectin B4 (red) for blood vessels,
and DAPI (blue) for nuclei. The yellow arrow indicates pericyte. **P < 0.01. n = 4. Scale bar, 10 μm.
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groups. Differences were considered significant if P < 0.05.
Cell culture experiments were repeated at least three times.

RESULTS

Epac1 Upregulation Mediates Pericyte Loss and
Capillary Degeneration in the Retinal
Ischemia–Reperfusion Injury Model

As a critical stress response modulator, Epac1 has been
shown to play essential roles in the development and
progression of many pathogeneses,15 and its expression is
often upregulated in chronic disease conditions such as
cancer,37 heart failure,38–40 chronic pain41,42 and DB.43 To
investigate the potential involvement of Epac1 in ischemic
retinopathy, we used a mouse model of retinal IR injury.
This model, widely used to study retinal neuronal injury
and vascular degeneration as seen in ischemic retinopathies
including DR,4,5,44,45 was induced by a transient increase of
IOP to block retinal blood flow. After ischemia, the retina
undergoes pathological changes such as retinal inflamma-
tion and neuronal cell death within a few hours to 1 week
and vessel regression within 1 to 2 weeks.5,44,45 In this
model, we isolated retinal vasculatures by trypsin diges-
tion for immunostaining. Epac1 expression was dramat-
ically upregulated in the retinal vasculature at 3 days
(Figs. 1A, B) and 7 days (data not shown) after ischemic
injury. These results are consistent with prior reports that
hypoxia-inducible factor 1α binds to the Epac1 promoter
and promotes Epac1 protein expression during ischemia-
induced tissue injuries.46,47 The specificity of Epac1 stain-
ing was demonstrated by our data showing that Epac1
immunoreactivity was absent in retinal vessels from Epac1

KO mice (Supplementary Fig. S1). To examine if Epac1 is
induced in pericytes, retinal vasculature was co-stained with
pericyte marker NG2, which revealed that Epac1 expression
was increased in pericytes after ischemic injury (Fig. 1C).

We further examined retinal vasculature in the IR model
to investigate whether Epac1 is important for pericyte injury
during vascular remodeling in ischemic retinopathy. Two
weeks after ischemia, we performed retinal trypsin digestion
to study retinal capillary degeneration. In this assay, peri-
cytes are identified as round, dark extracapillary protrusions
compared with ECs, which are oval and lighter in color. Acel-
lular capillaries are defined as basement membrane tubes
without nuclei.48,49 We found that mice exposed to IR exhib-
ited decreased pericytes and increased acellular capillary
formation. Deleting Epac1 significantly decreased pericyte
loss and the formation of acellular capillaries (Figs. 2A–C),
indicating a pathological role of Epac1 in pericyte loss and
vascular degeneration in the IR model.

Epac1 Expression and Capillary Degeneration Are
Increased in the Retinal Vasculature of
STZ-Induced Diabetic Mice

Encouraged by our finding that Epac1 expression is
increased in the mouse retinal vasculature after IR (Fig. 1),
we asked if Epac1 expression was similarly upregulated in
a mouse model of STZ-induced type 1 DB. We injected STZ
into C57BL/6 WT mice to induce DB (Supplementary Fig.
S2). Three months after DB induction, retinas were collected
from DB mice and age-matched nondiabetic control mice,
and retinal vasculatures were isolated by trypsin digestion
for immunostaining.We observed that Epac1 expression was
significantly increased in the retinal vasculature of DB mice

FIGURE 2. Epac1 deletion reduces IR-induced pericyte loss and capillary degeneration. WT and Epac1−/− mice were subjected to IR,
eyeballs were collected 14 days after IR, and retinal trypsin digestion was performed. (A) Representative examples of retinal trypsin digests
are shown. The red arrows indicate pericytes, identified by morphologic criteria (shape and relative position in the capillary), and the yellow
arrows indicate acellular capillaries. (B, C) Quantification of the number of pericytes and acellular capillaries. *P < 0.05; **P < 0.01; ****P <

0.0001. n = 4–5.
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FIGURE 3. Diabetes upregulates Epac1 expression and induces capillary degeneration in the diabetic mouse retina. WT mice were
injected with STZ to induce DB. (A–C) Mice were perfused, and eyeballs were collected three months after the induction of DB. The retinal
vasculature was prepared by trypsin digestion and stained with anti-Epac1 (green) and isolectin B4 (red). Representative images of Epac1
expression in retinal vasculature are shown (A). The bar graph represents the quantification of Epac1 expression (B). Images are shown for
the expression of Epac1 in the retinal pericytes (yellow arrow) of control and diabetic mice (C). **P < 0.01. n = 3. Scale bar, 10 μm. (D–F)
Retinas were collected from control and diabetic mice after 6 months of DB, and retinal trypsin digestion was performed. Representative
examples of periodic acid-Schiff– and hematoxylin–stained retinal trypsin digests are shown. The red arrows indicate pericytes, identified
by morphologic criteria (shape and relative position in the capillary), and the yellow arrows indicate acellular capillaries. Graphs represent
the number of pericytes and acellular capillaries relative to the control. ****P < 0.0001. n = 5.
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FIGURE 4. HG increases Epac1 expression in HRPCs. (A) Expression of Epac1 mRNA in HRPCs after incubation in LG or HG for 16 hours
(n = 4). (B) Western blot images and quantification of Epac1 expression after LG and HG treatment for 24 hours (n = 6). *P < 0.05;
****P < 0.0001.

(Figs. 3A, B). Retinal vasculature mainly includes pericytes
and ECs, which can be distinguished by nuclear morphology
and location. The nuclei of ECs are oval or elongated and
lie within the vessel wall while the nuclei of pericytes are
relatively round and reside on the outer layer of the vessel
wall.48,49 After close examination, we found that Epac1 was
upregulated in both ECs and pericytes of the diabetic retina
(Figs. 3A–C). Six months after DB induction, DB mice exhib-
ited a significant decrease in pericytes and an increase in
acellular capillary formation (Figs. 3D–F). These results from
the IR and DR models suggest a potential role of Epac1
in retinal pathogenesis, particularly pericyte loss, during
ischemic retinopathy.

Epac1 Is Upregulated in HRPCs in Response to
HG

To investigate potential mechanisms underlying Epac1-
mediated pericyte loss, we treated primary HRPCs with
HG to mimic one of the stress conditions associated with
ischemic retinopathy. We cultured primary HRPCs in 5 mM
glucose (LG) and then challenged them with 25 mM glucose
(HG). As shown in Figure 4, the expression levels of both
Epac1 mRNA and protein were upregulated significantly
in HG. Two Epac1 protein bands, corresponding with the
Epac1A (923 AAs) and Epac1B (881 AAs) splice variants,
could be detected in HRPCs, which were further validated
by full-length RT-PCR products using a cDNA library gener-
ated from HRPCs (Supplementary Fig. S3A). In contrast, the
levels of Epac1 were unaltered under an osmotic control
condition of 25 mM L-glucose (Supplementary Fig. S3B).
These results are consistent with previous findings that
hyperglycemia stimulates the transcription and translation
of Epac1 in renal tubules.43 In contrast with increased Epac1
expression, the levels of intracellular cAMP concentration
remained unchanged in response to HG treatment (Supple-
mentary Fig. S4).

Epac1 Promotes Mitochondrial Fission and ROS
Production in HRPCs in Response to HG
Stimulation

Our recent study shows that Epac1 promotes vascular
smooth muscle cell phenotypic switching via enhancing

mitochondrial fission and ROS production in response
to vascular injury.19 To investigate if Epac1 may play a
similar role in pericyte injury during DR development,
we monitored changes in mitochondrial morphology and
ROS production in HRPCs in response to HG using Mito-
Tracker and dihydroethidium. As shown in Figure 5,
HG treatment induced significant mitochondrial fission
in HRPCs, and pharmacological inhibition of Epac using
an Epac-specific inhibitor ESI-09 (5 μM) blocked HG-
induced mitochondrial fragmentation. Mitochondrial fission
has been shown to contribute to hyperglycemia-induced
ROS production.50–52 Consistent with this notion, silencing
Epac1 via siRNA blocked the HG-induced increase in ROS
production (Fig. 6, Supplementary Fig. S5). These results
suggest that HG-induced Epac1 upregulation is function-
ally important for HG-mediated mitochondrial fission, and
that Epac1 signaling mediates HG-induced ROS production
in HRPCs.

Epac1 Inhibition Suppresses HG-induced Drp1
Phosphorylation and Caspase 3 Activation in
HRPCs

Members of the dynamin family of GTPases mediate mito-
chondrial fission and fusion, and dynamin-related protein 1
(Drp1) is the master regulator of mitochondrial division in
eukaryotic organisms. Drp1 phosphorylation at serine 616
increases mitochondrial fission, whereas phosphorylation at
serine 637 inhibits fission.53 Our previous study showed
that Epac1 promotes mitochondrial fission by activating
Drp1 S616 phosphorylation in vascular smooth muscle cells.
19 Consistent with mitochondrial morphology analyses, we
found that Drp1 phosphorylation at S616 increased signifi-
cantly in HG-stimulated HRPCs, while the total Drp1 levels
were unaffected (Fig. 7). In contrast, 25 mM L-glucose treat-
ment did not affect Drp1 S616 phosphorylation (Supple-
mentary Fig. S6). Moreover, pretreating HRPCs with ESI-
09 completely blocked HG-induced Drp1 S616 phospho-
rylation (Figs. 7A, C). Gene silencing using siRNA specific
for Epac1 also obliterated HG-induced Drp1 S616 phos-
phorylation (Figs. 7B, D). These results suggest that HG
induces pericyte mitochondrial fission and promotes Drp1
phosphorylation at serine 616 and that inhibition of Epac1
suppresses HG-mediated mitochondrial fission and reduces
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FIGURE 5. Epac1 inhibition suppresses HG-induced mitochondrial fission. Confocal images of mitochondrial morphology (green) in
HRPCs treated with vehicle or ESI-09 in the presence of LG or HG for 1.5 hours. Quantification of mitochondrial fission is shown as
mitochondrial fragmentation count. *P < 0.05. n = 5–6. Scale bar, 25 μm.

Drp1 S616 phosphorylation. Mitochondrial fission plays a
critical role in programmed cell death.54,55 To determine
if Epac1 is involved in HG-induced HRPC apoptosis, we
incubated HRPCs in HG and monitored caspase 3 activa-
tion by assessing the level of cleaved caspase 3. As shown
in Figure 8, HG treatment induced caspase 3 activation in
HRPCs, which was blocked by pharmacological inhibition
or gene silencing of Epac1. Taken together, our data support
the notion that Epac1 is an important stress response signal
that regulates mitochondrial dynamics, ROS production, and
apoptosis in HRPCs under stress conditions.

DISCUSSION

Pericytes are important in maintaining retinal blood vessels’
structural and functional integrity. In this study, we focused
on probing the role of Epac1 signaling in pericyte degenera-
tion during retinal vascular injury. Our current study reveals
that IR-induced retinal capillary degeneration is associated
with an increased expression of Epac1 in the mouse retinal
vasculature, including both ECs and pericytes. Similarly, we
find that the levels of Epac1 expression, pericyte loss, and
acellular capillary formation are also increased in the retinal
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FIGURE 6. Silencing of Epac1 suppresses HG-induced mitochondrial ROS production. Confocal images of ROS levels detected with
DHE staining (red) in HRPCs transfected with control or Epac1-specific siRNA and cultured in LG or HG for 1 hour. The graph indicates the
quantification of the relative ROS levels. *P < 0.05. n ≥ 14. Scale bar, 5 μm.

vasculature of diabetic mice. Deletion of Epac1 significantly
decreased IR-induced formation of acellular capillaries and
pericyte loss. These data suggest that Epac1 contributes to
vascular degeneration and pericyte injury during ischemic
retinopathy. Work is currently ongoing to determine the
effects of Epac1 deletion on pericyte injury and capillary
degeneration in STZ-induced DB.

Consistent with in vivo expression status, Epac1 levels
in HRPCs are also upregulated in response to HG stimu-
lation. These results likely reflect the fact that the Epac1
promoter contains two glucose-responsive element sites
and two E-box motifs known to be important for glucose
responsiveness.43 HG-induced Epac1 expression in pericytes
is accompanied by increased Drp1 phosphorylation, mito-
chondrial fission, ROS production, and caspase 3 activation.
Conversely, inhibition of Epac1 expression via RNA inter-
ference or activity via a pharmacological approach effec-
tively blocks HG-mediated mitochondrial dysfunction and
caspase 3 activation. These results support the notion that
Epac1 contributes to the development of ischemic retinopa-
thy by inducing pericyte loss via modulating mitochon-
drial fission/ROS production under HG conditions. Besides
energy production, the mitochondria play crucial roles in

other important cellular processes, such as Ca2+ buffer-
ing, ROS production, and apoptosis. Extensive studies have
demonstrated that mitochondrial dynamics, particularly
fission, actively participate in apoptosis induction.54,56,57

Multiple reports, including those from our laboratory, have
shown that deletion of Epac1 in mice protects against stress-
induced mitochondrial dysfunction and cell death in vari-
ous tissues, including cardiomyocytes,40,58 vascular smooth
muscle cells,19 and neurons.59,60 Results from this study
suggest that genetic deletion of Epac1 protects from peri-
cyte loss and formation of acellular capillaries in ischemic
retinopathy, thus further expanding this list to include the
retina.

Our current studies demonstrate that Epac1 plays a
pathological role in pericyte dysfunction and vascular
degeneration during ischemic retinopathy. A previous study
showed that tissue-specific deletion of Epac1 in ECs acceler-
ated IR-induced neuronal and vascular damage.61 Although
the exact reasons for this apparent discrepancy are unclear,
as noted in our previous study in which Epac1 deletion
preserved retinal neuronal function,33 we used mice with
a pure C57BL/6 background in this study. In contrast, the
abovementioned study used mice on mixed backgrounds
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FIGURE 7. Epac1 inhibition suppresses HG-induced Drp1 phosphorylation. (A, C) Western blot images and quantification of p-DRP1
S616 and total Drp1 in HRPCs cultured in LG or HG for 16 hours and pretreated with vehicle or ESI-09. (B,D) Western blot images and quan-
tification of p-DRP1 S616 and total Drp1 in HRPCs transfected with control or Epac1-specific siRNA and cultured in LG or HG for 16 hours.
*P < 0.05; **P < 0.01; ***P < 0.0005. n ≥ 4.

of B6/129S, which are more prone to variability. There-
fore, the discrepancy could be due to the different genetic
backgrounds of the used mouse strains. Another differ-
ence in experimental design between the studies was
in the types of mouse models used, namely, a whole
body Epac1 KO model versus an endothelial tissue-specific
Epac1 KO model. Epac1 may exert different functions in
different tissue/cell types, contributing to the apparent
discrepancy.

Although the Epac1 global KO mouse model is essen-
tial for characterizing the general phenotype of Epac1 dele-
tion and investigating its effects in systemic diseases, it has
several potential limitations, including complications owing
to possible perturbation of embryonic development and
lack of tissue-specific insights. Our previous studies have
demonstrated that Epac1 is not essential for mouse develop-

ment in general32 and for the formation of retinal vascu-
lature,21 eliminating the developmental issue. However, a
potential limitation of our current study is that, in addi-
tion to pericytes, Epac1 is expressed in other cell types,
such as macrophages within the retinal vasculature. This
factor could also contribute to pericyte dysfunction. Addi-
tional studies using tissue-specific Epac1 KO mouse models
are necessary to sort this out. Indeed, our previous study
using a myeloid-specific Epac1 deletion model showed that
Epac1 in macrophages is dispensable for IR-induced retinal
neurodegeneration.33 We have also generated endothelial-
and pericyte-specific Epac1 KO models. These tissue-specific
Epac1 KO models will allow us to determine the contri-
butions of Epac1 in specific populations of resident retinal
cells to vascular degeneration and pericyte injury in ischemic
retinopathy.
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FIGURE 8. Epac1 inhibition suppresses HG-induced caspase 3 activation. (A, C) Western blot images and quantification of cleaved
caspase 3 in HRPCs cultured in LG or HG for 16 hours and pretreated with vehicle or ESI-09. (B, D) Western blot images and quantification
of cleaved caspase 3 in HRPCs transfected with control or Epac1-specific siRNAs and cultured in LG or HG for 24 hours. *P < 0.05;
**P < 0.01. n = 4.
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