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PURPOSE. To investigate whether AMP-activated protein kinase (AMPK) is required for
the reduction of high mobility group box 1 (HMGB1) by exchange proteins activated by
cAMP 1 (Epac1) in the retinal vasculature.

METHODS. We measured AMPK phosphorylation in normal and diabetic Epac1 floxed and
cdh5/Epac1 Cre mice. We also treated primary human retinal endothelial cells (RECs) in
normal (5-mM) or high (25-mM) glucose with an Epac1 agonist and AMPK or insulin-like
growth factor receptor binding protein 3 siRNA. We measured protein levels of AMPK,
sirtuin 1 (SIRT1), and HMGB1.

RESULTS. AMPK phosphorylation was reduced in cdh5/Epac1 Cre mice, suggesting that
Epac1 regulated AMPK actions. High-glucose culturing conditions reduced AMPK levels
in RECs, but the levels were increased by the Epac1 agonist, supporting the idea that
Epac1 regulates AMPK. The Epac1 agonist was not able to reduce HMGB1 levels or
increase SIRT1 when AMPK was blocked by AMPK siRNA, thus demonstrating that Epac1
requires AMPK to regulate SIRT1 and HMGB1.

CONCLUSIONS. Epac1 requires AMPK to increase SIRT1 and reduce HMGB1 in the diabetic
retinal vasculature. This finding provides another pathway by which Epac1 may protect
the retina during diabetes.
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Diabetic complication rates continue to climb, despite
the best efforts to understand the pathology of the

disease. In the past decade, the immune response has been
recognized as a key player in diabetic retinopathy.1 High
glucose has been shown to trigger a dangerous response
that leads to increased high mobility group box 1 (HMGB1)
activation.2,3 We recently reported that inhibition of HMGB1
by glycyrrhizin reduced retinal damage in response to
high glucose.4 Additionally, exchange proteins activated by
cAMP 1 (Epac1) can significantly reduce HMGB1 levels in
ischemia–reperfusion and diabetic models, reducing reti-
nal damage and inflammatory mediators.5,6 We have shown
that Epac1 reduced a number of inflammatory pathways
commonly associated with diabetic retinopathy.7 The mech-
anism by which Epac1 blocks HMGB1 actions in the retinal
vasculature has yet to be determined.

We recently reported that Epac1 required sirtuin 1
(SIRT1) and insulin-like growth factor receptor binding
protein 3 (IGFBP-3) to regulate HMGB1.8 Other studies
have suggested that AMP-activated protein kinase (AMPK)
is strongly linked to SIRT1 and may play a role in the
diabetic retina,9 thus we wondered whether Epac1 could
regulate AMPK. Others have reported that increasing AMPK
and SIRT1 levels led to reduced inflammatory cytokines and
apoptosis in a rat sepsis model.10 Similarly, the link between
AMPK and SIRT1 was shown to be protective against
diabetic nephropathy.11 Several different diabetic models
have shown decreased AMPK levels, including neurons and

muscle. These levels were improved by treatment with
AMPK agonists.12 Additional work in streptozotocin and
db/db mouse models showed decreased AMPK phospho-
rylation in dorsal root ganglion cells, leading to diabetic
neuropathy.13 Because AMPK is often linked with SIRT1
actions, we questioned whether Epac1 required AMPK to
regulate SIRT1 and reduce retinal inflammation via HMGB1
in the retinal vasculature.

Work on caloric restriction has shown that resvera-
trol actions on AMPK are Epac1 dependent,14 and other
adipocyte studies have reported that increased levels of
cAMP and Epac1 were associated with increased AMPK
phosphorylation.15 Thus, we have focused our studies on
the actions of Epac1, AMPK, and SIRT1. We hypothesize
that Epac1 will increase IGFBP-3, leading to increased AMPK
phosphorylation and SIRT1 activation in the retinal vascula-
ture and in retinal endothelial cells (RECs) grown in high
glucose, reducing HMGB1 actions.

METHODS

Mice

All animal procedures complied with the ARVO State-
ment for the Use of Animals in Ophthalmology and
Vision Research, were approved by the Institutional Animal
Care and Use Committee of Wayne State University, and
conformed to National Institutes of Health guidelines (Proto-
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FIGURE 1. Epac1 regulates AMPK phosphorylation in the retina. Epac1 floxed and cdh5/Epac1 Cre mice (A) and diabetic Epac1 floxed
and cdh5/Epac1 Cre mice (B) were used to determine if Epac1 regulates phosphorylation of AMPK in whole retinal lysates in normal and
diabetic mice. *P < 0.05 versus Epac1 floxed. Data are mean ± SEM (n = 7).

col 17-07-301). Epac1 floxed mice (B6;129S2-Rapgef3tm1Geno/J

mice) and B6 FVB-Tg (cdh5-cre)7Mlia/J Cre mice were
purchased from The Jackson Laboratory (Bar Harbor, ME,
USA). After two generations, Epac1 floxed mice were bred
with cdh5-Cre mice to generate conditional knockout mice
for Epac1, where Epac1 is eliminated in endothelial cells.5

Some mice were made diabetic with 60-mg/kg streptozo-
tocin dissolved in citrate buffer, which was administered for
5 consecutive days, as we have done previously.5 Diabetes
was accepted if glucose levels were greater than 250
mg/dL. Protein samples were taken from 3-month-old male
and female Epac1 and cdh5/Epac1 Cre mice, and diabetic
samples were collected after 2 months of diabetes in the
mice. All mice were euthanized using a ketamine/xylazine
overdose, followed by cervical dislocation.

Retinal Endothelial Cells

Primary human RECs were purchased from Cell Systems
(Kirkland, WA, USA). Cells were grown in a Cell Systems
medium (Complete Medium Formulated at Normal Blood
Glucose Level, 5 mM) with microvascular growth supple-
ment (MVGS), 10-μg/mL gentamycin, and 0.25-μg/mL
amphotericin B (Thermo Fisher Scientific, Waltham, MA,
USA). When cells reached confluence, some dishes were
moved to a Cell Systems high-glucose medium (25-mM) for
a minimum of 3 days prior to experiments. Only dishes prior
to passage 6 were used. Cells were starved by incubation in
high or normal glucose medium without the MVGS for 12
hours prior to treatments.

Cell Treatments

Some of the cells in normal or high glucose were treated
with an Epac1 agonist (8-CPT-2′-O-Me-cAMP, 10 μM, 24
hours), as we have done previously.16 Additional cells in high
glucose were transfected with IGFBP-3 siRNA (Dharmacon,
Lafayette, CO, USA), AMPK siRNA (Dharmacon), or scram-
bled siRNA (Dharmacon) prior to treatment with the Epac1
agonist.

Western Blotting

Western blotting was carried out as previously described.7,8

Briefly, cell lysates or whole retina lysates were sepa-
rated onto precast Invitrogen Tris-Glycine Gels (Thermo
Fisher Scientific) and then blotted onto nitrocellulose

FIGURE 2. AMPK phosphorylation is regulated by Epac1 in human
primary RECs. RECs were grown in normal glucose (NG) or high
glucose (HG), and cells in each condition were treated with an
Epac1 agonist (8-cpt-cAMP). (A) Control for the Epac1 agonist. (B)
Results of western blotting comparing phosphorylated AMPK to
total AMPK. *P < 0.05 versus NG; #P < 0.05 versus HG. Data are
mean ± SEM (n = 7).

membrane. After blocking in Tris-Buffered Saline Tween-20,
membranes were treated with Epac1, phosphorylated AMPK
(Tyr172), total AMPK, SIRT1, HMGB1 (Abcam, Cambridge,
MA, USA), or beta-actin (Santa Cruz Biotechnology, Dallas,
CA, USA) primary antibodies. Secondary antibodies labeled
with horseradish peroxidase were also used. A chemi-
luminescence reagent kit (Thermo Fisher Scientific) was
used to visualize antigen–antibody complexes. Images were
acquired on an Azure C500 (Azure Biosystems, Dublin, CA,
USA), and optical densities were determined using Image
Studio Lite software (LI-COR Biosciences, Lincoln, NE, USA).

Statistics

An unpaired two-tailed t-test was used to obtain the statis-
tics shown in Figure 1, and one-way ANOVA with Tukey’s
post hoc test was used for the statistical analyses shown in
Figures 2 to 4. All analyses were carried out using Prism soft-
ware (GraphPad, San Diego, CA, USA). Data are presented
as mean ± SEM. P < 0.05 was taken as being statistically
significant.
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RESULTS

AMPK Phosphorylation Is Reduced in
cdh5/Epac1 Cre Mice

We have previously shown that Epac1 regulates HMGB1 in
the retina and retinal endothelial cells.5,8 Because there is
literature to support the observation that Epac1 can increase
AMPK in other targets,15 we wanted to determine if Epac1
regulated AMPK phosphorylation in the retina. Figure 1
shows that a loss of Epac1 in the endothelial cells of the
retina led to a significant decrease in the phosphorylation of
AMPK, with an increase in total AMPK levels. Figure 1A illus-
trates the findings in normal Epac1 floxed and cdh5/Epac1
Cre mice, and Figure 1B illustrates the findings for diabetic
Epac1 floxed and cdh5/Epac1 Cre mice. In both cases, a
loss of Epac1 significantly reduced AMPK phosphorylation
(t = 5.934 (8), P < 0.0001 and t = 6.525 (10), P < 0.001
for Figs. 1A and 1B, respectively).

Epac1 Regulates AMPK in Primary Human RECs

To confirm the in vivo data, we treated primary human RECs
grown in normal (5-mM) or high (25-mM) glucose with an
Epac1 agonist (8-CPT-2′-O-Me-cAMP) and measured Epac1
levels (Fig. 2A) and phosphorylation of AMPK (Fig. 2B).
High-glucose culturing conditions reduced Epac1 levels (P
< 0.001), which were increased by the Epac1 agonist, as
we have reported previously, F(3, 28) = 16.83, P < 0.002
(Fig. 2A).7 Although high glucose reduced phosphorylation
of AMPK in the RECs (P< 0.001), the Epac1 agonist was able
to significantly increase AMPK phosphorylation compared
to high glucose alone, F(3, 20) = 281, P < 0.03 versus high
glucose only (Fig. 2B).

IGFBP-3 Regulates AMPK Phosphorylation

We have previously reported that Epac1 regulated HMGB1
through IGFBP-3 actions.8 In this study, we wanted to deter-
mine if AMPK actions were also modulated by IGFPB-3. We
grew RECs in normal and high glucose and treated some
cells with the Epac1 agonist or IGFBP-3 siRNA and the Epac1
agonist, followed by measurement of AMPK. Figure 3 shows
that Epac1 did not increase AMPK phosphorylation when
IGFBP-3 siRNA was used, F(5, 30) = 45.35, P < 0.001. This
suggests that IGFBP-3 is upstream of AMPK actions in RECs
grown in high glucose.

AMPK Regulates SIRT1 and HMGB1 in RECs in
High Glucose

Because we have shown that Epac1 regulates HMGB1
through increased IGFBP-3 and SIRT1 actions8 and the liter-
ature suggests that AMPK regulates SIRT1,10 we wanted to
ascertain whether AMPK regulates SIRT1 and HMGB1 in our
system. Figure 4 shows that Epac1 requires AMPK to regu-
late SIRT1 (Fig. 4B) and HMGB1 (Fig. 4C), as Epac1 did not
increase SIRT1 or decrease HMGB1 when AMPK siRNA was
used: F(5, 42) = 18.78, P = 0.5662 and F(5, 42) = 11.25, P
> 0.999, for Figs. 4B and 4C, respectively. Figure 4A illus-
trates the control used to show the effectiveness of AMPK
siRNA for knockdown: F(5, 42) = 103.7, P = 0.002 versus
high glucose. Taken together, the data suggest that AMPK
lies upstream of SIRT1 in the regulation of HMGB1 in RECs
(Fig. 5).

FIGURE 3. IGFBP-3 regulated AMPK. RECs were grown in normal
glucose (NG) or high glucose (HG), and cells in each condition were
treated with an Epac1 agonist (8-cpt-cAMP), with IGFBP-3 siRNA
(BP3 siRNA) and the Epac1 agonist, or with a scrambled siRNA
(scsiRNA). Results of western blotting comparing phosphorylated
AMPK to total AMPK are shown. *P < 0.05 versus NG; #P < 0.05
versus HG; $P < 0.05 versus 8-cpt-cAMP. Data are mean ± SEM (n
= 7).

DISCUSSION

Rates of diabetes have been increasing worldwide. Although
it has been suggested that a number of signaling cascades
play a role in diabetic retinopathy, no therapeutics exist;
thus, there remains a need to continue to seek additional
targets for treatment. Several other studies have reported
that inflammation is a key target for novel therapeutic regu-
lation,1,17 and we have reported previously that Epac1 can
reduce inflammatory mediators, including HMGB1.7,8 In the
present study, we expanded our work to investigate whether
AMPK actions are required for Epac1 regulation of HMGB1.

We chose to focus on AMPK because other studies have
reported that AMPK blocks HMGB1 actions. In kidney
inflammation, it has been shown that gastrodin increases
AMPK actions while decreasing HMGB1.18 Similar to those
on kidney inflammation, other studies have reported that
free fatty acids inhibited AMPK actions and increased
HMGB1 through reactive oxygen species in human umbil-
ical vein endothelial cells (HUVECs). Inhibition of the free
fatty acids in HUVECs was found to significantly increase
AMPK actions, leading to a reduction in HMGB1.19 These
findings are similar to what we observed in microvascular
RECs. We have previously reported that SIRT1 deacetylated
HMGB1, leaving it in the nucleus to reduce inflammation,8

so we sought to investigate whether AMPK was involved in
this cellular signaling pathway. Studies support the sugges-
tion that AMPK and SIRT1 work in concert to protect the
vasculature in diabetes.20 Similar results have been found in
vascular dementia.21 Further linking AMPK and our previ-
ous work on HMGB1 regulation, we found novel informa-
tion regarding IGFBP-3 and AMPK in RECs. Our findings
agree with studies involving 3T3 cells and mice on a high-
fat diet that found that Lactobacillus plantarum (Ln4) could
increase both IGFBP-3 levels and AMPK actions.22 Some-
what similarly, other studies have reported that a derivative
of oleanolic acid increased both IGFBP-3 and AMPK phos-
phorylation in the liver of mice on a high-fat diet.23 To the
best of our knowledge, we are the first to link IGFBP-3 to
AMPK in the retinal vasculature.

Earlier studies have reported a link between AMPK and
SIRT1 in diabetes and have demonstrated AMPK inhibition
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FIGURE 4. AMPK regulated SIRT1 and HMGB1 in RECs. RECs were grown in normal glucose (NG) or high glucose (HG), and cells in each
condition were treated with an Epac1 agonist (8-cpt-cAMP), with AMPK siRNA and the Epac1 agonist, or with a scrambled siRNA (scsiRNA).
(A) Results of western blotting comparing phosphorylated AMPK to total AMPK as a control for siRNA knockdown. (B) SIRT1 levels. (C)
HMGB1 levels. *P < 0.05 versus NG; #P < 0.05 versus HG; $P < 0.05 versus 8-cpt-cAMP. Data are mean ± SEM (n = 7).

FIGURE 5. Schematic of Epac1 regulation of HMGB1 through AMPK.

of HMGB1 in inflammation, but we were able to link Epac1
to AMPK in the diabetic retinal vasculature and in RECs
cultured in high glucose. We found that Epac1 requires
AMPK to increase SIRT1 levels and reduce HMGB1, thus
adding to the current literature. Taken together, these find-

ings suggest that Epac1 offers a novel therapeutic target for
inhibition of HMGB1 through the actions of AMPK. Future
studies are necessary to further investigate AMPK agonists
used for other disorders.
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