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Abstract

Objective and Design.—Inflammation is a key component of a number of diseases, including 

diabetic retinopathy. We investigated the cellular pathway by which protein kinase A (PKA) 

inhibited high mobility group box 1 (HMGB1).

Methods.—Primary human retinal endothelial cells (REC) were grown in normal glucose (5mM) 

or high glucose (25mM). Cells in high glucose were treated with exchange protein for cAMP 1 

(Epac1) and IGFBP-3 siRNA. Additional cells in high glucose were treated with forskolin, a PKA 

agonist, and Epac1 siRNA. Some cells were treated with a plasmid for insulin-like growth factor 

binding protein 3 (IGFBP-3) that does not bind IGF-1. Finally, some REC received Ex527, a 

sirtuin 1 (SIRT1) antagonist, prior to forskolin treatment. Protein analyses were done for HMGB1, 

Epac1, IGFBP-3, SIRT1, and PKA.

Results.—PKA inhibited cytoplasmic HMGB1, independent of Epac1 actions. PKA activated 

IGFBP-3 and SIRT1 to inhibit cytoplasmic HMGB1. High glucose inhibited SIRT1 levels and 

increased cytoplasmic HMGB1 in REC.

Conclusions.—PKA requires active IGFBP-3 and SIRT1 to inhibit HMGB1 inflammatory 

actions in the retina vasculature. Activation of these pathways may offer new targets for therapy 

development.
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1. Introduction

Inflammation is a key component of a number of diseases. We and others have shown that 

inflammatory mediators contribute to retinal damage in diabetic retinopathy both in vivo and 

in vitro [1–5]. One of the primary goals of therapy is to determine the regulation of these 

inflammatory mediators, so that downstream pathways can be inhibited. For these studies, 

we focused on the cellular regulation of high mobility group box 1 (HMGB1). We have 

previously reported that exchange protein for cAMP 1 (Epac1) can inhibit HMGB1 levels 
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[6]. Both PKA and Epac1 pathways may become activated after β-adrenergic receptor 

stimulation, leading to initiation of distinct signaling cascades [7]. Therefore, in these 

studies we sought to better understand the cellular signaling by which protein kinase A may 

regulate HMGB1, as HMGB1 has been linked to inflammation [8, 9]. Focusing on the 

retina, work in 1-month diabetic rats showed that glycyrrhizin, a HMGB1 inhibitor, 

significantly reduced HMGB1, ERK1/2, caspase-3, and glutamate levels [10]. Additionally, 

work in receptor for advanced glycation end products (RAGE) knockout mice showed that 

ischemia/reperfusion (I/R) caused a significant increase in HMGB1 levels in the retina, 

which was attenuated using a HMGB1 neutralizing antibody [11]. Inhibition of HMGB1 

also reduced neuronal cell loss in these mice. We found similar results using glycyrrhizin in 

a mouse model of retinal ischemia/reperfusion [12]. Additionally, co-cultures of pericytes 

and retinal endothelial cells (REC) showed that HMGB1 directly induced REC apoptosis 

[13]. The authors suggested that REC cell death may be due to HMGB1-induced cytotoxic 

activity in glial cells or a direct effect of HMGB1 on the endothelial cells [13]. Taken 

together, it is clear that HMGB1 is toxic to the retina.

Our goal to dissect the specific contribution of PKA to the regulation of HMGB1 stems from 

findings that PKA and Epac1 regulate macrovascular and microvascular endothelial actions 

differently [14]. Studies have shown that PKA can directly phosphorylate HMGB1 in the 

Box A segment of yeast to decrease its activity [15]. Furthermore, a mosquito form of 

HMGB1 (AaHMGB1) is phosphorylated by PKA and PKC [16]. Other than these studies, 

little has been reported for PKA regulation of HMGB1.

In order to determine potential intermediary pathways between PKA and HMGB1, we 

focused on insulin-like growth factor binding protein 3 (IGFBP-3), as we have previously 

reported that PKA activates IGFBP-3 to prevent REC apoptosis [17]. We also focused on 

sirtuin 1 (SIRT1) as a key regulator of HMGB1, since SIRT1 promotes the deacetylation of 

HMGB1 to reduce cytoplasmic translocation and downstream inflammatory pathways [18]. 

In that study, mice with endothelial cell specific knockout of SIRT1 and vascular cell culture 

studies showed that SIRT1 is key to the reduced HMGB1 translocation in kidney lysates, 

leading to decreased renal inflammation [18]. Work in A549 and mouse embryonic cells 

showed that PKA can activate SIRT1 by disrupting the interaction between SIRT1 and the 

deleted in breast cancer 1 (DBC1) gene [19]. Additional work in HepG2 showed that PKA 

activates SIRT1 to reduce ER stress [20]. However, work in HepG2 cells suggested that 

PKA, not SIRT1, was key to hepatic gluconeogenesis [21].

In the present study, we dissected potential cellular pathways by which PKA reduces 

cytoplasmic HMGB1. We used REC grown in normal (5mM) and high glucose (25mM) 

with a PKA agonist, SIRT1 antagonist, and IGFBP-3 and Epac1 siRNA. We hypothesized 

that PKA would increase IGFBP-3 and SIRT1 levels, leading to decreased cytoplasmic 

translocation of HMGB1 in REC grown in high glucose. These actions of PKA would be 

independent of Epac1.
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2. Materials and Methods

Retinal Endothelial Cells (REC).

Primary human retinal endothelial cells (REC) were purchased from Cell Systems 

Corporation (CSC, Kirkland, Washington). Cells were grown in Cell Systems Medium, 

either basal (normal glucose, 5mM glucose) or high glucose medium (25mM glucose), 

augmented with microvascular growth factors (MVGS), 10ug/mL gentamycin, and 

0.25ug/mL amphotericin B (Invitrogen, Carlsbad, CA) on attachment factor coated dishes. 

Only cells prior to passage 6 were used. Cells were quiesced by incubating in the 

appropriate medium without MVGS for 24 hours prior to use. Cells are kept in high glucose 

for a minimum of 3 days before experimentation.

Cell Treatments.

Some REC were transfected with Epac1 siRNA, IGFBP-3 siRNA, or scrambled siRNA 

(Dharmacon, Lafayette, CO) using RNAiMax based upon manufacturer’s instructions. The 

scrambled siRNA was used to insure that the transfection protocol does not alter REC 

responses. Following transfection, some dishes were treated with forskolin (20uM for 2 

hours). Additional cells in normal and high glucose were transfected with an IGFBP-3 

plasmid that cannot bind IGF-1 at 1ug/ul using lipofectamine [22]. Additional cells were 

treated with Ex527, a SIRT1 inhibitor (200nM, 1 hour), prior to forskolin treatment.

Nuclear vs. cytoplasmic extraction.

For assessment of HMGB1, protein lysates were processed to isolate the nuclear and 

cytoplasmic portions, using the NE-PER kit (Fisher Scientific, Pittsburgh, PA). Separation 

was done following the manufacturer’s instructions.

Western blotting.

Retinal cell lysates were collected into lysis buffer containing protease and phosphatase 

inhibitors. Equal amounts of protein were separated onto a pre-cast tris-glycine gel 

(Invitrogen, Carlsbad, CA), blotted onto nitrocellulose membrane and blocked with TBST 

(10mM Tris-HCl buffer, pH 8.0, 150 mM NaCl, 0.1% Tween 20) and 5% (w/v) BSA. 

Membranes were treated with HMGB1, IGFBP-3, Epac1(Abcam, Cambridge, MA) or beta 

actin (Santa Cruz Biotechnology, Santa Cruz, CA) primary antibodies followed by 

incubation with horseradish peroxidase labeled secondary antibodies. Antigen-antibody 

complexes were detected by chemilluminescence reagent kit (Thermo Scientific, Pittsburgh, 

PA) and data was acquired using an Azure C500 (Azure Biosystems, Dublin, CA). Western 

blot data were assessed using Image Studio Lite software.

ELISA

A PKA ELISA (Enzo Lifesciences, Ann Arbor, MI) and SIRT1 ELISA (Abcam, Cambridge, 

MA) were done on protein lysates based upon manufacturer’s instructions, with the 

exception that the antibody reaction was left overnight at 4oC.
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Statistics.

Non-parametric Kruskal-Wallis with Dunn’s post-hoc testing was done with P<0.05 

considered statistically significant. We did non-parametric analyses due the N<5 in cell 

culture samples and with a potential for non-normal distribution. A representative Western 

blot is shown where appropriate.

3. Results

High glucose decreased SIRT1 and increased cytoplasmic HMGB1 in REC, which are 
regulated by IGFBP-3 or Epac1.

Figures 1A, B are controls to show successful knockdown of Epac1 and IGFBP-3, 

respectively. Figure 1C shows that high glucose decreased PKA activity, which agrees with 

our previous findings [5]. Figure 1D shows that high glucose significantly decreased SIRT1 

levels, which was further reduced when IGFBP-3 and Epac1 were blocked by siRNA. Figure 

1E shows that high glucose alone increased cytoplasmic HMGB1 levels, which was 

regulated by Epac1 and IGFBP-3 since high glucose+IGFBP-3 siRNA and high glucose

+Epac1 siRNA were significantly higher than high glucose only. Figure 1F shows that high 

glucose also increased nuclear HMGB1, which was not altered by Epac1 or IGFBP-3. Taken 

together, these results suggest that high glucose altered HMGB1 levels through IGFBP-3 

and SIRT1.

Forskolin can increase SIRT1, leading to decreased cytoplasmic HMGB1 independent of 
Epac1.

We have reported that Epac1 significantly reduced HMGB1 levels in REC [6]. However, 

both PKA and Epac1 may regulate this pathway independently. To test this, REC grown in 

high glucose were treated with forskolin following transfection with Epac1 siRNA. We used 

the Epac1 siRNA to insure that actions of PKA are independent of Epac1. Figure 2A 

confirmed that forskolin significantly increased PKA activity independent of Epac1. Figure 

2B was a control to confirm successful knockdown of Epac1 by the siRNA. Figure 2C 

confirmed that high glucose decreased IGFBP-3 levels, which we have previously reported 

[5]. PKA significantly increased IGFBP-3 levels, independent of Epac1 (Figure 2C). High 

glucose decreased SIRT1 levels, which were increased by the PKA agonist (Figure 2D). 

Cytoplasmic HMGB1 were increased by the high glucose culturing conditions (Figure 2E). 

This response was reduced by forskolin, independent of Epac1. As shown in Figure 1F, high 

glucose increased nuclear HMGB1, which was not altered by forskolin. These data suggest 

that PKA reduced cytoplasmic HMGB1 levels, independent of Epac1. This regulation likely 

involved IGFBP-3 and SIRT1.

IGFBP-3 increases SIRT1 and decreases HMGB1 in REC.

We have previously reported that PKA can regulate IGFBP-3 actions in REC to prevent 

apoptosis [17]. In these studies, we used the same IGFBP-3 plasmid that does bind IGF-1 to 

determine whether IGFBP-3 regulated SIRT1 and HMGB1 levels. Figure 3A shows that the 

plasmid effectively increased IGFBP-3 levels in REC grown in normal or high glucose as a 

control. Figure 3B shows that high glucose decreased SIRT1 levels. The IGFBP-3 plasmid 
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increased SIRT1 levels in both normal and high glucose. Cytoplasmic HMGB1 was 

increased in high glucose, but significantly decreased when the IGFBP-3 plasmid was added 

(Figure 3C). The IGFBP-3 plasmid decreased cytoplasmic HMGB1 in normal glucose as 

well (Figure 3C). In both normal and high glucose, the IGFBP-3 plasmid increased nuclear 

HMGB1 levels, but the plasmid did not significantly increase nuclear HMGB1 levels in 

REC grown in high glucose compared to cells grown in high glucose alone (Figure 3D). 

These data suggest that IGFBP-3 can regulate SIRT1 and HMGB1 levels in REC.

Forskolin cannot inhibit HMGB1 when SIRT1 is blocked with Ex527.

To determine the role of SIRT1 in the pathway, we used Ex527 to inhibit SIRT1 levels prior 

to forskolin treatment. Figure 4A shows that forskolin increased PKA actions, which were 

not altered by SIRT1 inhibition. Figure 4B shows that forskolin overcame the high glucose-

induced decrease in SIRT1. Ex527 was effective in reducing SIRT1 levels, and forskolin was 

able to significantly (although slightly) increase SIRT1 levels after Ex527 treatment. Panels 

4C confirmed that PKA can overcome the high glucose-induced increase in cytoplasmic 

HMGB1. Inhibition of SIRT1 significantly increased cytoplasmic HMGB1 levels, which 

was reduced by forskolin treatment. Forskolin did not reduce nuclear HMGB1 levels, nor 

did the inhibition of SIRT1. Taken together, these data suggest that PKA requires SIRT1 to 

regulate cytoplasmic HMGB1 levels.

4. Discussion

Diabetic retinopathy, particularly type 2 diabetes, is increasingly linked to inflammation. We 

have previously reported that Compound 49b, a novel β-adrenergic receptor agonist, 

protected the retina against diabetes-induced damage [5]. We sought to determine key 

factors downstream of β-adrenergic receptors that may mediate these responses in the retinal 

vasculature. We focused on the regulation of HMGB1, as others have reported that HMGB1 

mediated retinal neuropathy in rats [10]. Members of the same group also showed that 

HMGB1 and reactive oxygen species cause apoptosis in REC and diabetic human and rat 

retinas [23]. Additionally, work in RAW264.7 cells showed that isoproterenol, a β-

adrenergic receptor agonist, decreased HMGB1 levels and increased survival in septic mice 

[24]. We found that high glucose alone significantly increased cytoplasmic HMGB1 levels, 

with decreased SIRT1 levels. These high glucose mediated responses were exacerbated 

when Epac1 or IGFBP-3 were blocked with siRNA.

We have recently showed that Epac1 reduced inflammatory mediators, including HMGB1 

[6, 25]. However, there is also literature that PKA may regulate HMGB1 [15]. Additionally, 

PKA and Epac1 can regulate vascular changes independently [14]. To test the actions of 

PKA independent of Epac1, Figure 2 shows that forskolin increased both SIRT1 and 

IGFBP-3 levels, while decreasing cytoplasmic HMGB1 levels when Epac1 was blocked by 

siRNA. There is not a great deal of literature on PKA regulation of HMGB1, particularly in 

the retina. However, work in the mosquito showed that PKA inhibited HMGB1 [16]. 

Similarly, studies in monocytes showed that histamine can inhibit HMGB1 actions through 

PKA activity [26]. In contrast, work in lung cancer cells showed that HMGB1 regulates 
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PKA activity to suppress metastasis and cell motility [27]. Nonetheless, our findings do 

agree with studies showing that PKA inhibits HMGB1 actions.

In an attempt to determine the cellular mechanisms by which PKA blocks HMGB1 actions, 

we started with IGFBP-3, as we have previously showed that PKA increases IGFBP-3 

actions to reduce REC apoptosis [17]. Others have reported that IGFBP-3 is neuroprotective 

in the hypothalamus in type 1 diabetic mice [28]. In a subsequent study, these authors also 

found that the decrease in hypothalamic activity of type 1 diabetic mice was correlated with 

cytoplasmic translocation of HMGB1 [29]. We focused on nuclear versus cytoplasmic levels 

of HMGB1 to address the cytoplasmic translocation of HMGB1, which leads to 

inflammatory responses. Our findings in REC agree with the work in the hypothalamus, 

showing that the non-IGF binding IGFBP-3 plasmid decreased cytoplasmic HMGB1, which 

was associated with increased SIRT1 levels. The interaction of IGFBP-3 and SIRT1 was also 

observed in diabetic keratopathy models [30]. In addition to IGFBP-3, our findings also 

showed that forskolin requires active SIRT1 to decrease cytoplasmic HMGB1 levels, as 

forskolin was ineffective on cytoplasmic HMGB1 when Ex527 was used. The exact 

mechanisms by which IGFBP-3 can regulate HMGB1 will be focus of future studies.

In conclusion, our findings expand work in other systems to show that high glucose 

decreases SIRT1 and increases cytoplasmic HMGB1 levels in REC through IGFBP-3 

actions. PKA mediates the reduction in cytoplasmic HMGB1 through increased IGFBP-3 

and SIRT1 actions, as forskolin was unable to reduce cytoplasmic HMGB1 when IGFBP-3 

siRNA or SIRT1 inhibitors were used. PKA can mediate the actions on cytoplasmic 

HMGB1 through IGFBP-3 and SIRT1 independent of Epac1, since the actions of forskolin 

occurred when Epac1 siRNA was used. These studies provide novel targets to reduce 

HMGB1-induced retinal inflammation.
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Figure 1. 
High glucose decreases SIRT1 levels, while increasing cytoplasmic HMGB1 levels. REC 

were grown in normal glucose (5mM, NG), high glucose (25mM, HG), HG+Epac1 siRNA, 

HG+IGFBP-3 siRNA, HG+Epac1 and IGFBP-3 siRNA, or HG+scrambled siRNA (HG+Sc). 

Panel A shows Epac1 levels and Panel B shows IGFBP-3 levels demonstrating successsful 

knockdown by siRNA. Panel C shows high glucose decreased PKA activity, independent of 

Epac1 and IGFBP-3. Panel D is SIRT1 levels, Panel E is cytoplasmic HMGB1, and Panel F 

is nuclear HMGB1 levels. *P<0.05 vs. NG, #P<0.05 vs. HG, $P<0.05 vs. Epac1 or IGFBP-3 

siRNA. Data are mean ± SEM. N=4 for all groups.
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Figure 2. 
Forskolin regulates HMGB1, independent of Epac1. REC were grown in normal glucose 

(5mM, NG), high glucose (25mM, HG), HG+forskolin (HG+Fors), or HG+forskolin+Epac1 

siRNA (HG+Epac1 siRNA+Fors). Panel A shows PKA activity is increased by forskolin, 

and Panel B shows effective knockdown by Epac1 siRNA. Panel C shows IGFBP-3 levels, 

Panel D shows SIRT1 levels, Panel E shows cytoplasmic HMGB1 levels, and Panel F is 

nuclear HMGB1 levels. *P<0.05 vs. NG, #P<0.05 vs. HG. Data are mean ± SEM. N=4 for 

all groups.
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Figure 3. 
IGFBP-3 regulates SIRT1 and HMGB1. REC were grown in normal glucose (5mM, NG), 

high glucose (25mM, HG), NG+IGFBP-3 plasmid (does not bind IGF-1), and HG+IGFBP-3 

plasmid. Panel A is a control to show that the plasmid increased IGFBP-3 levels. Panel B 

shows SIRT1 levels, Panel C is cytoplasmic HMGB1, and Panel D is nuclear HMGB1 

levels. *P<0.05 vs. NG, #P<0.05 vs. HG. Data are mean ± SEM. N=4 for all groups

Liu et al. Page 11

Inflamm Res. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
PKA requires SIRT1 to decrease cytoplasmic HMGB1. REC were grown in normal glucose 

(5mM, NG), high glucose (25mM, HG), HG+forskolin (HG+Fors), HG+Ex527 (Sirt1 

inhibitor), or HG+Ex527+Forskolin (HG+Fors+Ex527). Panel A shows that forskolin 

increased PKA activity. Panel B shows that Ex527 inhibited SIRT1, Panel C is cytoplasmic 

HMGB1, and Panel D is nuclear HMGB1 levels. *P<0.05 vs. NG, #P<0.05 vs. HG, $P<0.05 

vs. HG+Fors. Data are mean ± SEM. N=4 for all groups.
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