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PURPOSE. O-GlcNAcylation of cellular proteins contributes to the pathophysiology of
diabetes and evidence supports a role for augmented O-GlcNAcylation in diabetic
retinopathy. The aim of this study was to investigate the impact of the renin-angiotensin
system on retinal protein O-GlcNAcylation.

METHODS. Mice fed a high-fat diet were treated chronically with the angiotensin-
converting enzyme inhibitor captopril or captopril plus the angiotensin-(1–7) Mas recep-
tor antagonist A779. Western blotting and quantitative polymerase chain reaction were
used to analyze retinal homogenates. Similar analyses were performed on lysates
from human MIO-M1 retinal Müller cell cultures exposed to media supplemented with
angiotensin-(1–7). Culture conditions were manipulated to influence the hexosamine
biosynthetic pathway and/or signaling downstream of the Mas receptor.

RESULTS. In the retina of mice fed a high-fat diet, captopril attenuated protein O-
GlcNAcylation in a manner dependent on Mas receptor activation. In MIO-M1 cells,
angiotensin-(1–7) or adenylate cyclase activation were sufficient to enhance cyclic
AMP (cAMP) levels and inhibit O-GlcNAcylation. The repressive effect of cAMP on O-
GlcNAcylation was dependent on exchange protein activated by cAMP (EPAC), but not
protein kinase A, and was recapitulated by a constitutively active variant of the small
GTPase Rap1. We provide evidence that cAMP and angiotensin-(1–7) act to suppress O-
GlcNAcylation by inhibition of O-GlcNAc transferase (OGT) activity. In cells exposed to
an O-GlcNAcase inhibitor or hyperglycemic culture conditions, mitochondrial superoxide
levels were elevated; however, angiotensin-(1–7) signaling prevented the effect.

CONCLUSIONS. Angiotensin-(1–7) inhibits retinal protein O-GlcNAcylation via an
EPAC/Rap1/OGT signaling axis.
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I t is estimated that 16 million Americans will have diabetic
retinopathy (DR) by the year 2050.1 As the leading cause

of blindness in working-age adults, DR develops because
of poor glycemic control and attenuated insulin receptor-
mediated signaling. Clinical evidence suggests that dysregu-
lation of the renin-angiotensin system (RAS) may also play
an important role in the development of DR, as diabetic
patients taking RAS blockers have lower risk for both inci-
dence and progression of DR.2 The specific signaling mech-
anisms that mediate the positive effects of RAS blockers in
retina are not well defined, but are believed to be indepen-
dent of changes in blood pressure.2 The classic RAS is initi-
ated by cleavage of the pro-peptide angiotensinogen by the
enzyme renin to form angiotensin I (AngI), which is subject
to further cleavage by angiotensin-converting enzyme
(ACE) to generate angiotensin II (AngII). By activating

signaling cascades coupled to the G protein-coupled recep-
tor AT1, AngII elevates blood pressure via numerous
mechanisms including oxidative stress, vasoconstriction,
aldosterone release, and sympathetic activation. Renin,
angiotensinogen, ACE, and AT1 have all been identified in
the retina of both humans and animals.3–8 Furthermore,
levels of AngII in retina are several fold higher than can
be expected because of contamination from serum,9 indicat-
ing that a local ocular RAS exists independent of circulating
levels of the peptide.

A reduction in AngII formation is one of the primary
mediators of the beneficial cardiovascular and metabolic
effects of ACE inhibitors (ACEi); however, ACEi also increase
the counterregulatory angiotensin-(1–7) (Ang1–7) axis of
RAS.10–13 Ang1–7 is a degradation product of AngII, gener-
ated through cleavage of the peptide by the enzyme ACE2.
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Additionally, Ang1–7 is formed through the degradation
of AngI by endopeptidases such as neprilysin. Ang1–7
binds to the G protein-coupled receptor Mas to produce
actions that are generally opposite to those of AngII,
such as vasodilation and blood pressure reduction.14 In
retina, Ang1–7 localizes to the footplates of Müller glia and
extends through Müller cell processes, spanning all layers
of the retina.15 Intraocular administration of AAV-Ang1–7 or
ACE2 reduces oxidative damage, prevents the formation of
acellular capillaries, and normalizes vascular permeability
in retina of streptozotocin-induced diabetic rodents.16,17

Similarly, oral delivery of a probiotic expressing ACE2
reduces inflammation and prevents ganglion cell death in
the retina of diabetic mice.18 Therefore, methods to increase
retinal Ang1–7 signaling may be valuable in treating DR.
ACE inhibition is one such method by which retinal levels of
Ang1–7 may be increased.15 Indeed, ACE inhibitors correct
electroretinogram deficits and attenuate retinal capil-
lary degeneration and inflammation in diabetic mice.19,20

However, whether the beneficial actions of ACE inhibitors
in retina are due to reduced AngII versus increased Ang1–7
formation remains unclear.

In the present study, we evaluated the hypothesis that
Ang1–7 attenuates retinal protein O-GlcNAcylation via regu-
lation of the hexosamine biosynthetic pathway (HBP). The
HBP ultimately converts fructose-6-phosphate into uridine
diphosphate β-D-N-acetylglucosamine (UDP-GlcNAc),
which serves as the glycosyl donor for the posttranslational
modification of proteins by O-GlcNAcylation. Expres-
sion and activity of the pathway’s rate-limiting enzyme,
glutamine:fructose-6-phosphate amidotransferase (GFAT)
represent a critical regulatory checkpoint for HBP flux.
It is hypothesized hyperglycemic conditions increase flux
through the HBP resulting in greater production of UDP-
GlcNAc.21,22 In kidney, AngII transcriptionally induces
expression of GFAT1,23 indicating the RAS may regulate
the rate of HBP flux. Differences in the relative tissue
distribution of the GFAT isoforms, however, suggest that
GFAT2, rather than GFAT1, is the primary rate-limiting
enzyme in the HBP in the retina.24,25 Importantly, steady-
state protein O-GlcNAcylation is also determined by the
dynamic cycling of GlcNAc residues on and off proteins
by O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA),
respectively.26

Dysregulated O-GlcNAcylation of cellular proteins
contributes to the pathophysiology of diabetes27 and
evidence supports a role for augmented O-GlcNAc signaling
in DR.28 We recently demonstrated that aberrant O-GlcNAc
cycling causes mitochondrial reprogramming and excessive
generation of reactive oxygen species (ROS) in retina.29 In
diabetes, an increase in ROS plays a critical role in the devel-
opment of retinal dysfunction.30–33 The aim of the present
study was to investigate the impact of signaling pathways
activated by Ang1–7 on retinal protein O-GlcNAcylation
and ROS production. In the retina of mice fed a high-fat
diet (HFD), the ACEi captopril attenuated retinal protein
O-GlcNAcylation in a manner that was dependent on Mas
receptor activation. Surprisingly, the protective effects
of Ang1–7 were not consistent with a change in GFAT
expression or activity. Rather, the results were consistent
with a model wherein Ang1–7 repressed OGT activity
by elevating production of cyclic AMP (cAMP), activating
exchange protein activated by cAMP (EPAC), and increasing
GTP loading of the small GTPase Ras-associated protein 1
(Rap1).

TABLE. Oligonucleotides Used in qPCR Analysis

Gene
Name Species Sequence

GFAT1 Mouse Forward TAAGGAGATCCAGCGGTGTC
Mouse Reverse CAGCTGTCTCGCCTGATTGA

GFAT2 Mouse Forward GTCATTCAGCAGTTGGAAGGC
Mouse Reverse CTTCGTACCCCGATGAGCAA

OGA Mouse Forward AGCGAAGATGGCAGAGGAGT
Mouse Reverse CCGTGCTCGTAAGGAAGGTA

OGT Mouse Forward GTGCACTGTTCATGGATTACATCATC
Mouse Reverse TCCATTGTGTATTGTTTGGTGTTG

qPCR, quantitative polymerase chain reaction.

METHODS

Animals

Three groups of male C57Bl/6J mice (Jackson Laboratory)
were placed on a diet containing 60% kcal from fat (HFD)
beginning at 5 weeks of age: (1) saline (n = 6 saline
infusion plus normal water); (2) captopril (n = 6 saline
infusion plus captopril water); and (3) captopril + A779
(n = 5 A779 infusion [400 ng/kg/min] plus captopril water).
The mice described here are a subset of those presented
in our previous study.34 After 8 weeks of HFD, mice were
implanted with a subcutaneous osmotic mini-pump (Alzet
Model 2004) for chronic 3-week infusion of saline or the
Ang-(1–7) Mas receptor antagonist A779 (Bachem). Imme-
diately following mini-pump implantation, mice received
either tap water or water containing the ACEi captopril
(50 mg/L; Tocris Bioscience). There were no differences
in daily water intake between mice receiving tap water
and water containing captopril.34 The dose of captopril
was previously demonstrated to be equivalent to captopril
doses used for treatment of patients with hypertension.35

Body weight, arterial glucose levels, and plasma AngII
and Ang1–7 concentrations were analyzed as previously
described.34 Retinas were isolated and flash-frozen in
liquid nitrogen, and lysates were prepared as previously
described.36 Protein concentrations were assessed by
DC Protein Assay (BioRad Laboratories, Inc; Hercules, CA),
and supernatants were combined with a 2 × Laemmli buffer,
boiled for 5minutes, and analyzed via Western blotting.
Retinal RNA was extracted using TRIzol reagent (Invitrogen)
according to the standard manufacturer’s protocol. An equal
amount of RNA was converted into complementary DNA
(cDNA) using a High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems) and subjected to quantitative
real-time polymerase chain reaction using QuantiTect SYBR
Green master mix (Qiagen). Primer sequences can be
found in the Table. Changes in messenger RNA (mRNA)
expression were normalized to GAPDH mRNA expression
using the 2−��CT calculations as previously described.37

All experimental protocols used for the studies described
herein were approved by the Institutional Animal Care and
Use Committee of Penn State College of Medicine.

Cell Culture

MIO-M1 human Müller cells (obtained from the UCL Institute
of Ophthalmology, London, UK) were maintained in DMEM
(Gibco) containing 5.6mM glucose, and supplemented with
10% heat inactivated (55˚C, 30minutes) fetal bovine serum,
and 1% penicillin-streptomycin (Invitrogen). For cell culture
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experiments, Ang1–7 acetate salt hydrate (Sigma Aldrich)
was prepared in sterile water and added to culture medium
at a final concentration of 10 μM, except where indicated.
Thiamet G (TMG) was prepared in dimethylsulfoxide and
added to culture medium at a final concentration of 50 nM.
TMG and Ang1–7 were added to cell culture wells simultane-
ously and treatment proceeded for 24 hours. Forskolin (Fsk)
was prepared in DMSO and added to cell culture medium
at a concentration of 100 μM. The Mas receptor agonist
AVE 0991 (Apex Bio) was prepared in DMSO and added to
culture medium at a final concentration of 10 μM. Cells were
pretreated with Fsk and AVE 0991 for 1 hour or 30 minutes,
respectively, before TMG. TMG exposure proceeded for 24
hours. To quantify levels of cAMP, cells were stimulated with
Ang1–7 for 30 minutes and then lysed with 0.1 M HCl. cAMP
from cell lysates was then quantified via a cAMP compet-
itive enzyme-linked immunosorbent assay (ELISA) kit
(Invitrogen) according to manufacturer’s instructions. The
PKA inhibitor H89 (N-[2-p-bromocinnamylamino-ethyl]-5-
isoquinolinesulfonamide) and the EPAC inhibitor ESI-09 (α-
[2-(3-Chlorophenyl)hydrazinylidene]-5-(1,1-dimethylethyl)-
b-oxo-3-isoxazolepropanenitrile) were prepared in DMSO
and added to cell culture medium at final concentrations
as indicated in the figures. H89 and ESI-09 were added
to cell culture medium for 1 hour before the addition
of Fsk for 1 hour, followed by the addition of TMG for
24 hours. D-(+)-Glucosamine hydrochloride (GlcN) was
prepared in sterile water and added to culture medium at
a final concentration of 30 mM. Where indicated, manni-
tol (Man) prepared in sterile water was added at a final
concentration of 30 mM. The membrane-permeable EPAC
agonist 8-pCPT-2′-O-Me-cAMP-AM (8-CPT; Axxora) was
prepared in DMSO and added to culture medium at a
final concentration of 10 μM. Cells were stimulated with
Fsk for 1 hour before addition of GlcN or Man to culture
medium for 24 hours. Alternatively, cells were serum
starved for 15 minutes before addition of 8-CPT to culture
medium. Following 30 minutes of pretreatment, GlcN was
added to culture medium for 24 hours. Transfections were
performed using Lipofectamine 2000 (Life Technologies)
according to the manufacturer’s instructions. Plasmids for
expression of pAXEF-Rap1-WT (WT) and pAXEF-Rap1-
E63(GTP) (Rap1E63) were a gift from Vicki Boussio-
tis (Addgene plasmids #32697 and #32698; http://n2t.
net/addgene:32697; RRID:Addgene_32697; http://n2t.net/
addgene:32698; RRID:Addgene_32698). Cells were lysed
in 1× Laemmli buffer, boiled for 5 minutes at 100˚C, and
analyzed via Western blotting.

Glycosyltransferase Activity Assay

Plasmid for expression of pcDNA2.1HA-OGT was a gift from
Gerald W. Hart (University of Georgia). EZview red anti-HA
affinity gel beads (Sigma, cat# E6779) were twice washed
with lysis buffer (20 mM HEPES, 2 mM EGTA, 50 mM NaF,
100 mM KCl, 0.2 mM EDTA, 50 mM B-glycerophosphate, pH
7.4). After exposure to 10 μM Ang1–7 for 30 minutes, cells
were harvested in 1 mL phosphate-buffered saline, spun at
1000g for 5 minutes at 4˚C, and cell pellet was resuspended
in 500 μL lysis buffer plus inhibitors (1M DTT, 200 mM
benzamidine, 200 mM sodium vanadate, Sigma protease
inhibitor cocktail [#P8340]). Clarified cell lysate was added
to the prepared anti-HA beads and incubated for 2 hours
at 4˚C with gentle rocking. Lysate/bead mix was spun for
30 seconds at 8200g, unbound fraction aspirated, and bead

pellet washed three times in 750 μL lysis buffer. OGT activity
was assessed using a UDP-Glo glycosyltransferase assay
(Promega, catalog #V6961). Bound OGT-HA fusion proteins
were resuspended in 50 μL OGT transferase buffer (25 mM
HEPES, pH 7.2, 10 mM MnCl2, 1 mM EDTA, and 1 mM
PMSF) with 100 μM OGT peptide substrate (AnaSpec, Inc.)
and 100 μM UDP-GlcNAc (Promega, catalog #V7071). After
1 hour at room temperature, reactions were quenched with
UDP-Glo detection reagent and luminescence was measured
using a SpectraMax M5 plate reader (Molecular Devices).

Western Blot Analysis

Lysates were fractionated using Criterion precast 4% to15%
or 4% to 20% gels (Bio-Rad). Proteins were transferred
to PVDF, blocked in 5% bovine serum albumin in Tris-
buffered saline tween 20 for 1 hour, washed, and incubated
overnight at 4˚C with the appropriate antibody. Antibod-
ies used included O-GlcNAc (Cell Signaling Technology;
catalog #9875), GAPDH (Santa Cruz; catalog #sc-32233),
OGA (Novus, catalog #NBP-81244), OGT (Cell Signaling
Technology; catalog #24083), and DDK (Origene; catalog
#TA5011-100). Incubations with the O-GlcNAc antibody
were permitted to incubate for 48 hours. The antigen-
antibody interaction was visualized with enhanced chemi-
luminescence (Clarity Reagent; Bio-Rad Laboratories, Inc.)
using a ProteinSimple Fluorochem E imaging system (Santa
Clara, CA). Blots were quantified using Image J software
(NIH, Bethesda, MD).

ROS Detection

MitoSOX Red mitochondrial superoxide indicator (Invit-
rogen) was used in MIO-M1 cells to detect mitochondrial
superoxide according to the manufacturer’s instructions.
Briefly, cells were seeded at 200,000 cells per dish in 35
mm, No. 1.5 coverglass, Poly-d-lysine-coated dishes (MatTek
Corporation). Cells were then exposed to 50 nM TMG
for 24 hours. One milliliter of 5 μM MitoSOX diluted in
HBSS/Ca/Mg (Life Technologies) was applied to cells. The
dye-loaded cells were incubated for 10 minutes at 37˚C
in the dark and then washed with HBSS buffer. Live cells
were imaged using an inverted Leica TCS SP8 confocal
microscope.

Statistical Analysis

Data are presented as means ± standard error. Analyses
were performed using GraphPad Prism (Version 7.0) with
P value < 0.05 defined as statistically significant. Means
were compared using one-way analysis of variance with
Tukey’s multiple-comparisons post hoc tests.

RESULTS

ACE Inhibition Attenuates Retinal Protein
O-GlcNAcylation via the Mas Receptor

To evaluate the contribution of endogenous Ang1–7 to
the effects of ACE inhibition on retinal O-GlcNAcylation,
HFD-induced obese mice received chronic treatment with
either the ACEi captopril in drinking water or captopril
in combination with the Mas receptor antagonist A779.
As expected, HFD mice treated with saline vehicle were
obese (46 ± 6 g; Fig. 1A) and exhibited mild hyperglycemia
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FIGURE 1. Captopril inhibits retinal protein O-GlcNAcylation via a Mas-dependent pathway. Mice were fed a 60% high-fat diet for 11 weeks
and treated chronically with saline vehicle (Veh), 50 mg/L of captopril (ACEi), or captopril plus the Ang1-7 Mas receptor antagonist A779
(400 ng/kg/min) during the last 3 weeks of diet. (A–B) Body mass and fasting arterial blood glucose levels were evaluated. (C-D) Plasma
Ang II and Ang1-7 levels were measured by radioimmunoassay. (E) Protein O-GlcNAcylation and GAPDH expression were assessed by
Western blotting of retinal lysates. (F) GFAT1, (G) GFAT2, (H) OGA, and (I) OGT mRNA expression in whole retina were assessed by PCR.
(J) OGT, OGA, and actin protein expression were assessed by Western blotting of retinal lysates. Results are expressed as means + SEM.
*P < 0.05 versus Veh; #P < 0.05 versus ACEi alone. Mice are a subset of those previously described.34

following a 4-hour fasting period (129 ± 12 mg/dL; Fig. 1B).
Chronic ACE inhibition reduced body mass in HFD mice,
and this effect was not reversed by the addition of A779
(Fig. 1A). There was neither an effect of captopril alone nor
captopril plus A779 on fasting blood glucose concentrations
(Fig. 1B). As expected, ACE inhibition reduced circulating
AngII levels (Fig. 1C), and increased circulating Ang1–7
levels (Fig. 1D). Global protein O-GlcNAcylation was atten-
uated in the retina of mice receiving captopril alone when
compared with normal drinking water (Fig. 1E). When mice
received captopril in combination with A779, however, the
decrease in retinal protein O-GlcNAcylation was reversed
(Fig. 1E). Thus, activation of the Mas receptor was necessary
for captopril to attenuate retinal protein O-GlcNAcylation
in HFD mice. To evaluate the effects of ACE inhibition
on expression levels of genes that may directly affect the
quantity of O-GlcNAcylated proteins, we evaluated mRNA
levels of OGT, OGA, and both isoforms of GFAT expressed
in the retina. Expression of the mRNAs encoding OGT, OGA,
and GFAT1/2 were not altered in mice receiving captopril
alone or captopril plus A779 as compared with control mice
(Figs. 1F-I). When evaluated by Western blotting, OGT and
OGA protein expression were also similar in retinal lysates
(Fig. 1J); however, we were unable to convincingly measure
GFAT1 and GFAT2 protein expression by this method.

Ang1–7 Enhances cAMP Levels and Inhibits
Protein O-GlcNAcylation

Because Ang1–7 localizes to Müller cells in the retina,15 we
used the human Müller cell line MIO-M1 to investigate direct

effects of Ang1–7 on protein O-GlcNAcylation in retinal cells
in culture. To enhance O-GlcNAcylation in cell culture, we
used the OGA inhibitor TMG. In MIO-M1 cells treated with
both Ang1–7 and TMG, protein O-GlcNAcylation was signif-
icantly reduced compared to cells treated with TMG alone
(Figs. 2A-B). The Ang1–7 Mas receptor is coupled to the Gs

G protein in several cell types.38–40 To determine if Ang1–7
also activates Gs-associated signaling pathways in Müller
cells, we evaluated cAMP concentrations in cell lysates via
ELISA. Ang1–7 significantly elevated cAMP levels in MIO-M1
cells (Fig. 2C). The conversion of ATP to cAMP is catalyzed
by adenylate cyclase. Therefore, activating adenylate cyclase
can be used to investigate the downstream signaling path-
ways initiated by the second messenger cAMP. Chang et al.41

previously reported that the adenylate cyclase activator Fsk
reduced O-GlcNAc modifications of intracellular proteins
in kidney epithelial cells. To determine if Fsk mediated
the same effect on O-GlcNAc modified proteins in Müller
cells, cells were pretreated with Fsk before inhibiting OGA.
Cells exposed to both Fsk and TMG exhibited a reduction
in O-GlcNAcylated proteins compared with cells exposed
to TMG alone (Fig. 2D). Because TMG is used to block
O-GlcNAc removal from proteins in these studies, the data
support a mechanism in which activation of pathways
generating cAMP suppress the rate of O-GlcNAc addition.

cAMP-mediated Attenuation of O-GlcNAcylation is
EPAC-dependent

cAMP classically regulates cellular physiology via activation
of protein kinase A (PKA), but can also activate EPAC.
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FIGURE 2. Ang1-7 inhibits O-GlcNAcylation and promotes cAMP levels in retinal cells in culture. MIO-M1 cells were cultured in medium
containing 5 mM glucose supplemented with 10% FBS. (A) Culture medium was supplemented with the O-GlcNAcase inhibitor Thiamet
G (TMG) in the presence or absence of Ang1-7 for 24 hours. Protein O-GlcNAcylation in cell lysates was assessed by Western blotting.
(B) MIO-M1 cells were exposed to culture medium containing TMG in the presence or absence of 10−5 M Ang1-7 for 24 hours. Protein
O-GlcNAcylation is expressed relative to GAPDH. (C) Relative cAMP levels were assessed in lysates from cells exposed to culture medium
containing 10−5 M Ang1-7 for 30 minutes by ELISA. (D) Cells were exposed to culture medium containing TMG in the presence or absence
of the adenylate cyclase activator forskolin (Fsk). Results are expressed as means + SEM. *P < 0.05 versus Veh; #P < 0.05 versus TMG alone.

EPAC is involved in activation of the Ras family member
Rap1 by promoting GDP/GTP exchange. To determine if
these downstream effector proteins are required for cAMP-
induced attenuation of O-GlcNAcylation, either PKA or
EPAC were inhibited and cells were subsequently exposed
to Fsk and TMG. In cells exposed to the PKA inhibitor
H89, protein O-GlcNAcylation was attenuated by adenylate
cyclase activation (Fig. 3A, C). In contrast, EPAC inhibition
with ESI-09 prevented the suppressive effect of adenylate
cyclase activation on protein O-GlcNAcylation (Figs. 3B-C).
These results support a role for cAMP-dependent activa-
tion of EPAC, rather than PKA, in suppressing the rate of
O-GlcNAc addition in Müller cells. To confirm that the effect
of ESI-09 on O-GlcNAcylation was via EPAC inhibition,
wild-type and constitutively active variants of the EPAC
downstream effector Rap1 were expressed in MIO-M1 cells.
Rap1E63 expression decreased protein O-GlcNAcylation
in response to TMG compared with expression of WT
Rap1 (Figs. 3D-E). Taken together, these results support a
model wherein activation of the EPAC/Rap1 signaling axis
suppresses protein O-GlcNAcylation.

Ang1–7 Acts Downstream of GFAT by Inhibiting
OGT

The phosphorylation of glucosamine (GlcN) produces
glucosamine-6-phosphate (GlcN-6-P), which may be metab-
olized further by enzymes in the HBP. Importantly, GlcN-6-P
enters the HBP downstream of the rate-limiting enzyme
GFAT. The cAMP-mediated attenuation of retinal protein
O-GlcNAcylation is likely due to either a restricted pool
of substrate (UDP-GlcNAc) available for OGT, or reduced
activity of OGT itself. In cells exposed to culture medium
supplemented with GlcN, protein O-GlcNAcylation was
enhanced (Fig. 4A). However, in cells pretreated with
Fsk before addition of GlcN to cell culture medium, O-

GlcNAcylation was significantly reduced as compared with
cells exposed to GlcN alone (Figs. 4B-C). No significant
change in O-GlcNAc-modified proteins was observed in
cells exposed to the osmotic control mannitol (Figs. 4B-C).
To determine if activation of EPAC could similarly atten-
uate GlcN-induced protein O-GlcNAcylation, cells were
pretreated with the EPAC activator 8-CPT. In cells pretreated
with 8-CPT before addition of GlcN to cell culture medium,
O-GlcNAcylation was significantly reduced as compared to
cells exposed to GlcN alone (Figs. 4D-E). If Fsk or 8-CPT
limits the pool of available UDP-GlcNAc via negative regu-
lation of GFAT activity, it is expected that Fsk and 8-CPT
would have no effect on O-GlcNAcylation induced by GlcN.
However, the results described here support the alternate
hypothesis that EPAC-specific signaling pathways negatively
regulate O-GlcNAcylation downstream of GFAT. To deter-
mine if Ang1–7 inhibited OGT activity, HA-tagged OGT was
expressed in and immunoprecipitated from cells exposed
to Ang1–7. HA-tagged OGT was then assayed for glyco-
syltransferase activity. The glycosyltransferase activity of
OGT isolated from cells exposed to Ang1–7 was attenuated
compared with OGT from cells exposed to vehicle (Fig. 4F).

Ang1–7 Inhibits O-GlcNAcylation-induced
Mitochondrial Superoxide

We recently reported that increasing retinal protein O-
GlcNAcylation elevates levels of mitochondrial superox-
ide.29 To determine if Ang1–7 signaling could normalize the
effect of O-GlcNAcylation on superoxide levels, MitoSox
staining was evaluated in live MIO-M1 cells. OGA inhi-
bition increased superoxide in MIO-M1 cells; however,
Ang1–7 (Figs. 5A-B) or the Mas receptor agonist AVE 0991
(Figs. 5C-D) reversed the TMG effect on superoxide levels.
Similarly, in MIO-M1 cells exposed to hyperglycemic culture
conditions, superoxide levels were found to be elevated,
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FIGURE 3. EPAC and the GTPase Rap1 inhibit O-GlcNAcylation in retinal cells in culture. MIO-M1 cells were cultured in medium containing
5 mM glucose supplemented with 10% FBS. (A) TMG was added to culture medium in the presence or absence of Fsk, as well as the PKA
inhibitor H89 or (B) the EPAC inhibitor ESI-09. Protein O-GlcNAcylation and GAPDH expression were assessed by Western blotting. (C)
Protein O-GlcNAcylation in (A) and (B) were quantified and expressed relative to GAPDH. Quantification in (C) is for 10−5 and 10−4 M H89
and ESI-09, respectively. Cells were transfected with plasmids for expression of either wild-type (WT) Rap1 or a constitutively active Rap1
variant (E63). Protein O-GlcNAcylation in (D) was quantified in (E). Total protein levels were evaluated by staining. Results are expressed
as means + SEM. *P < 0.05 versus Veh; #P < 0.05 versus TMG or WT in (C) and (E), respectively; $P < 0.05 versus Fsk alone.

and Ang1–7 addition to culture medium was sufficient to
normalize superoxide levels in cells exposed to hyper-
glycemic conditions (Figs. 5E-F). These results support the
hypothesis that Ang1–7 signaling is sufficient to prevent
increased mitochondrial superoxide production in response
to stimuli that enhance O-GlcNAcylation.

DISCUSSION

In the present study, we evaluated the impact of path-
ways activated by Ang1–7 on O-GlcNAcylation of retinal
proteins. Within the eye, O-GlcNAcylated proteins have
been described in the lens, cornea, retinal pigment epithe-
lium, neural retina, and retinal vasculature.28,42–44 Previous
studies report increased O-GlcNAcylation of retinal proteins
in diabetic mice and during the active neovascularization
phase of oxygen-induced retinopathy.28,43 More recently, we
demonstrated that in the retina of mice fed a HFD protein O-
GlcNAcylation is enhanced concomitant with transcriptional
upregulation of GFAT2.25 GFAT expression and activity
represent a critical regulatory checkpoint in HBP flux. In
this study, we found that in the retina of HFD mice, captopril
attenuated retinal protein O-GlcNAcylation, and the effect
was prevented by Mas-receptor inhibition. This finding
provides mechanistic insight into the role for elevated
Ang1–7 levels in the beneficial effects of ACE inhibition in
retina, and suggests that direct targeting of this hormone
may be advantageous. Surprisingly, the repressive effect of

captopril was not explained by a reduction in the expression
of GFAT2, or other enzymes linked to O-GlcNAcylation (i.e.,
GFAT1, OGT, OGA). Rather, the results here are consistent
with a model wherein Mas receptor activation by Ang1–7
inhibits OGT activity via activation of EPAC/Rap1 (Fig. 6).

This study extends upon previous seminal work in the
field demonstrating that retinal Müller cells are an important
source of AngII and its metabolite Ang1–7, and that the
ACEi captopril can cross the blood-retinal barrier to increase
levels of Ang1–7.15,45 The existence of an ocular RAS includ-
ing components of the Ang1–7-ACE2-Mas receptor axis has
been well documented,3,7,9,16,46–49 but the signaling cascades
activated downstream of the Mas receptor in retinal Müller
cells are not well defined. Herein, we found cAMP levels
were elevated in MIO-M1 retinal cells following exposure to
culture medium containing Ang1–7. An increase in cellular
cAMP concentrations following exposure to Ang1–7 has
been previously described in other cell types50 and found to
be dependent on activation of the Mas receptor and adeny-
late cyclase.39 Increasing intracellular cAMP concentrations
via stimulation of adenylate cyclase has also been reported
to decrease protein O-GlcNAcylation in kidney cell cultures
exposed to hyperglycemic conditions.41 Notably, a reduction
in O-GlcNAc levels following adenylate cyclase stimulation
in kidney cell cultures was overcome by supplementation
with GlcN.41 GlcN enters the HBP upon direct phospho-
rylation to GlcN-6-P, and thus bypasses the rate-limiting
GFAT enzymes. Coupled with the finding that PKA inhibits
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FIGURE 4. Ang1-7 inhibits OGT activity in retinal cells in culture. MIO-M1 cells were cultured in medium containing 5 mM glucose
supplemented with 10% FBS. (A) Cells were exposed to culture medium containing glucosamine (GlcN) for 24 hours. (B–E) Cells were
exposed to culture medium containing 30 mM glucosamine (GlcN), 30 mM mannitol (Man), and/or Fsk or 8-CPT. Protein O-GlcNAcylation
was assessed by Western blotting. Total protein levels were evaluated by staining. O-GlcNAcylation in (B) and (D) was quantified in (C)
and (E). (F) HA-tagged OGT was expressed in MIO-M1 cells in culture. Forty-eight hours after transfection, cells were exposed to Ang1-7
for 30 minutes, HA-tagged OGT was immunoprecipitated from cell lysates, and in vitro OGT activity was evaluated by glycosyltransferase
assay. Results are expressed as means + SEM. *P < 0.05 versus no treatment (NT) or Veh; #P < 0.05 versus GlcN or Veh.

GFAT1 by phosphorylating the enzyme on S205 in vitro,41

the preceding observations led us to initially hypothe-
size that the Ang1–7-initiated signaling cascade inhibits
O-GlcNAcylation by repressing GFAT1 activity. However, we
subsequently discovered that in both the retina of mice fed
an HFD and in Müller cells in culture, GFAT2 is the predom-
inant isoform, rather than GFAT1.25 Unlike GFAT1, the
enzymatic activity of GFAT2 is enhanced by PKA-dependent
phosphorylation.51 Thus, a repressive effect of PKA activa-
tion on O-GlcNAcylation, mediated by phosphorylation of
the GFAT isoforms seemed unlikely. Indeed, PKA inhibition
was not sufficient to prevent the repressive effect of adeny-
late cyclase activation on O-GlcNAcylation in Müller cells.

The signaling events initiated by cAMP are classically
thought of as being mediated by PKA; however, EPAC
is another key signaling molecule that is sensitive to
this second messenger.52 EPAC functions as the guanine
nucleotide exchange factor for the small GTPase Rap1.
EPAC1 and EPAC2 protein isoforms are differentially
expressed in retina.53 With immunostaining, both EPAC
isoforms colocalize in Müller cell bodies within the inner
nuclear layer of the retina.53 In the present study, EPAC inhi-
bition prevented the repressive effect of adenylate cyclase
activation on protein O-GlcNAcylation in Müller cells in
culture. Moreover, expression of a constitutively active Rap1
variant was sufficient to repress O-GlcNAcylation in Müller
cells following OGA inhibition. We initially suspected that
cAMP/EPAC/Rap1 signaling may have acted to repress
O-GlcNAcylation via a reduction in GFAT2 enzymatic
activity, and thus functioned in a manner analogous to PKA-

dependent GFAT1 inhibition in other cell types. However,
unlike the previous observation in kidney cell cultures,41

adenylate cyclase activation was, in fact, sufficient to inhibit
GlcN-induced protein O-GlcNAcylation in Müller cells in
culture. Thus, the results are consistent with a model
wherein EPAC and Rap1 act to inhibit O-GlcNAcylation
downstream of GFAT.

Herein, we provided evidence that Ang1–7 exerts an
inhibitory effect on OGT activity via EPAC activation.
Although one study has identified a novel interaction
between the glycolytic enzyme pyruvate kinase and soluble
adenylate cyclase that results in EPAC/Rap1 activation,54

there are currently no studies demonstrating that EPAC
interacts with the metabolic enzymes of the HBP. The
results here support a model wherein EPAC activation
inhibits O-GlcNAcylation downstream of GFAT. Importantly,
other enzymes upstream of OGT and downstream of GFAT
may also be impacted. A possible mechanism by which
the Ang1–7/Mas/EPAC/Rap1 axis may act to repress OGT
activity is via activation of a tyrosine phosphatase. Insulin-
stimulated phosphorylation of tyrosine residues on OGT
enhances the enzyme’s catalytic activity.55 In vitro, OGT is
directly phosphorylated by Src tyrosine kinase, as it contains
well over a dozen predicted Src tyrosine phosphorylation
sites.55 This is consistent with a stimulatory effect of tyro-
sine phosphatase inhibitors on OGT activity.55 In proximal
tubular cells, Ang1–7 acts via the Mas receptor to promote
Src homology 2-containing protein-tyrosine phosphatase-1
(SHP-1) activity56 and Rap1b-deficient cells have impaired
SHP-1 activity.57 It is therefore tempting to speculate that
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FIGURE 5. Ang1-7 inhibits O-GlcNAcylation-induced mitochondrial superoxide in retinal cells in culture. MIO-M1 cells were cultured
in medium containing 5 mM glucose supplemented with 10% FBS. (A–D) Cells were exposed to culture medium containing TMG in
the presence or absence of Ang1-7 or the Mas receptor agonist AVE 0991. (E–F) Cells were exposed to culture medium containing the
30 mM glucose (HG) in the presence or absence of Ang1-7. Mitochondrial superoxide was assessed in live cells by MitoSox Red. MitoSox
fluorescence was visualized by confocal laser microscopy (A, C, E) and quantified (B, D, F, respectively). Representative MitoSox and
bright-field (BF) images are shown. Results are expressed as means + SEM. *P < 0.05 versus no treatment (NT) or low glucose (LG);
#P <.05 versus TMG or HG alone. RFU, relative fluorescent units.

pathways initiating a cAMP second messenger response may
suppress OGT activity by promoting EPAC/Rap1-dependent
activation of SHP-1 and OGT dephosphorylation. Unfor-
tunately, we were unable to consistently detect OGT
tyrosine phosphorylation by Western blotting following
immunoprecipitation of the protein.

Mitochondrial dysfunction and increased ROS production
are central to the development of diabetic retinopathy.30–33

As a critical regulator of mitochondrial function,58,59 the
O-GlcNAc modification posttranslationally modifies several

mitochondrial proteins directly in response to diabetes and
hyperglycemic conditions.60,61 We recently reported that
enhanced O-GlcNAcylation of retinal proteins promotes
4E-BP1-dependent mitochondrial dysfunction and oxidative
stress.29 In that study, the OGA inhibitor TMG enhanced
O-GlcNAcylation and increased reactive oxygen species
in the retina. Here, Müller cells exposed to TMG exhib-
ited an increase in mitochondrial superoxide production.
However, Ang1–7 addition to culture medium was not
only sufficient to prevent an increase in O-GlcNAcylation,
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FIGURE 6. Working model for inhibition of retinal protein O-
GlcNAcylation by Ang1-7. The results support a model wherein
Ang1-7 inhibits O-GlcNAcylation-induced reactive oxygen species
(ROS) via a novel Mas/EPAC/Rap1/OGT signaling axis. Ang1-7
activates the Mas receptor to enhance cAMP levels and activate
EPAC. In turn, EPAC promotes Rap1 GDP release and GTP binding.
Activation of this signaling axis suppresses protein O-GlcNAcylation
downstream of GFAT by inhibiting OGT activity.

but also normalized mitochondrial superoxide levels
following OGA inhibition. This supports the observation
that diabetes-induced oxidative stress is normalized in
the retina of diabetic rodents receiving intraocular AAV-
Ang1–7/ACE2.16,17 The finding that Ang1–7 activates the
EPAC/Rap1 signaling axis and attenuates mitochondrial
superoxide production supports previous studies indicating
EPAC activation suppresses ROS production.62–64 Thus,
strategies to enhance Ang1–7-mediated EPAC activation in
retina could serve to prevent the increase in oxidative stress
that is associated with diabetes-induced O-GlcNAcylation.

The present study identified a novel molecular link
between Ang1–7, protein O-GlcNAcylation, and ROS
production in retina. Ang1–7 signaling reduced protein
O-GlcNAcylation in the retina of HFD mice. Similarly, Ang1–
7 attenuated O-GlcNAcylation in human Müller cells by
increased production of cAMP, with this effect dependent
on EPAC activation. Specifically, Ang1–7 inhibited OGT
activity. Thus, although further studies are needed, targeted
activation of this newly identified Ang1–7/EPAC/OGT
signaling axis may be beneficial in correcting the abnor-
mally elevated protein O-GlcNAcylation that is associated
with diabetic retinal complications.
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