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Abstract

In the past decade, the role of inflammation has been shown in diabetes and its complications.
Little is available on high mobility group box 1 (HMGBL) actions on the proteins involved in
insulin signal transduction, which may be altered to result in insulin resistance in the retina. REC
were grown in normal or high glucose and treated with recombinant human HMGB1, an Epacl
agonist, or both. Additional cells were treated with advanced glycation end-products (RAGE) or
toll-like receptor 4 (TLR4) siRNA prior to rhHMGBL. Proteins lysates were processed for Western
blotting for TLR4, RAGE, insulin receptor, Akt, and IRS-1 phosphorylation. We found that
rhHMGB1 blocked insulin and Akt phosphorylation through either RAGE or TLR4 actions. Epacl
overcame both endogenous and exogenous HMGB1 to maintain normal insulin signaling. Taken
together, these data offer upstream targets to maintain proper insulin signal transduction in the
retinal vasculature.
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Introduction.

The role of inflammation is becoming increasingly recognized as a link between a wide
variety of diseases, including diabetes, heart disease, cancer, and arthritis. The difficulty lies
in understanding how activation of the inflammatory response results in a given disease.
Inhibition of signaling pathways upstream to inflammatory mediators can offer new options
for therapy development. One such pathway is the danger associated molecular pattern
(DAMP) molecules, such as high mobility group box 1 (HMGB1) (1).

HMGBL1 is a nuclear protein that is present in most eukaryotic cells, but it can be secreted by
specific cell types, such as natural killer cells, macrophages, and mature dendritic cells in
response to injury or inflammation (1). Inhibition of HMGBL1 has provided options for
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therapies for rheumatoid arthritis, sepsis, and cancer (2). More recently, HMGB1 has been
suggested to be key in the link between diabetes and various diabetic complications (3).

We chose to further investigate a role for HMGBL1 in primary human retinal endothelial cells
(REC), as inhibition of HMGBL by glycyrrhizin restored normal insulin signal transduction
and was protective against ischemia/reperfusion injury in the retina (4). Work in patients
with both proliferative diabetic retinopathy and non-proliferative diabetic retinopathy had
increased levels of HMGBL, with a stronger response in patients with proliferative disease
(5). These findings agree with literature in 3T3-L1 adipocytes showing deleterious effects of
HMGBL1 in insulin-induced activation of Akt (6). Others have reported that HMGB1 can
activate toll-like receptor 4 (TLR4), leading to increased JNK levels and decreased IRS-1
(3). We also recently reported that TLR4 significantly altered insulin signaling in the retina
(7). Work in mice on a high fat diet (HFD) showed that inhibition of HMGB1 reduced
weight gain, a feature often linked to insulin resistance (8). Similar to TLR4, work in a
SW872 preadipocyte cell line showed that HMGBL1 signaled through the receptor for
advanced glycation end products (RAGE) to promote inflammation linked to obesity and
type 2 diabetes (9), and this signaling did not involve TLR4. Work on mice with a high fat
diet showed that inhibition of RAGE partially protected against weight gain and peripheral
inflammation (10).

One pathway that lies upstream to HMGB1 in REC is exchange protein for cAMP 1
(Epacl). We have previously shown that Epacl significantly decreased HMGBL levels (11).
Further, Epacl decreased key inflammatory markers in REC and in whole retinal lysates
from Epacl endothelial cell specific knockout mice (12). Epacl was also shown to regulate
retinal insulin signaling through this reduction in inflammatory mediators, specifically tumor
necrosis factor alpha (TNFa) and interleukin-1-beta (IL-1p) (13). Since we have previously
showed that Epacl decreased HMGB1 and regulated insulin signaling, we sought to
determine if these 2 events were linked in REC.

In this study, we used retinal endothelial cells grown in normal and high glucose to
determine whether HMGBL1 utilizes RAGE or TLR4 to mediates its inhibition of normal
insulin signaling. We also treated some cells with an Epacl agonist, as we have recently
shown that Epacl can maintain normal insulin signaling and block HMGB actions (11).

Retinal endothelial cells (REC).

Primary human retinal endothelial cells (REC) were purchased from Cell Systems
Corporation (CSC, Kirkland, Washington) and grown in Cell Systems medium (normal
glucose (5mM glucose) or high glucose (25mM glucose)) and microvascular growth factors
(MVGS), 10ug/mL gentamycin, and 0.25ug/mL amphotericin B (Invitrogen, Carlshad, CA)
on attachment factor coated dishes. Cells were quiesced by incubating in high or normal
glucose medium without MVGS for 24 hours prior to experimental use. All cells were used
prior to passage 5. Cells were cultured in high glucose for a minimum of 3 days.
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Some cells in all groups were treated with recombinant human HMGBL to increase TLR4
and RAGE protein levels (50nM for 24 hours, Abcam, Minneapolis, MN (Figure 1). Some
cells received rhHMGB1 and an Epacl agonist (8-CPT=2’-O-Me-cAMP) at 10um for 2
hours. Additional groups were transfected with TLR4 siRNA (5nM, Dharmacon), RAGE
siRNA (5nM, Dharmacon,), or scrambled siRNA (Sc) for 24 hours prior to rhHMGB1
treatment. Transfection was done using RNAiMax following the manufacturer’s instructions.
A RAGE and TLR4 Western blotting were done to confirm successful knockdown by
SiRNA. Cells were treated with exogenous rhHMGB1 to increase HMGBL levels beyond the
increase observed in high glucose culturing conditions alone.

Western blotting.

Cell culture lysates were collected into buffer containing protease and phosphatase
inhibitors. Equal amounts of protein were separated onto pre-cast tris-glycine gels
(Invitrogen, Carlsbad, CA), and blotted onto nitrocellulose membrane. After blocking in
TBST (10mM Tris-HCI buffer, pH 8.0, 150 mM NacCl, 0.1% Tween 20) and 5% (w/v) BSA,
the membranes were treated with antibodies for phosphorylated and total insulin receptor
(IR), insulin receptor substrate one (IRS-1) phosphorylated on serine 307, total IRS-1,
phosphorylated Akt on serine 473 (p-Akt), total Akt (Cell Signaling Technology, Danvers,
MA), HMGB1, RAGE, and TLR4, histone 2B (Abcam, Cambridge, MA), and beta actin
(Santa Cruz Biotechnology, Santa Cruz, CA) followed by incubation with secondary
antibodies labeled with horseradish peroxidase. 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. A representative blot is shown for each treatment
group.

Statistical Analyses.

Results.

All the experiments were technical replicates. One vial of cells was used to generate the
dishes for each figure using similar reagents. Data are presented as mean + SEM. Data was
analyzed using a non-parametric Kruskal-Wallis 1-way ANOVA, followed by a Dunn’s test
with Pvalues < 0.05 considered statistically significant. The ratio of phosphorylated to total
protein was used for phosphorylated proteins. In the case of Western blotting, one
representative blot is shown.

Dose response curve for rhHMGB1 activation of TLR4 and RAGE.

Since this was the first time using rhHMGB1 in REC, we performed a dose response curve
to determine the concentration of rhHMGBL to activate TLR4 and RAGE. All cells were
grown in high glucose and treated for 24 hours with different doses of rhHMGB1. Figure 1
shows that both 50nM and 100nM significantly increased both TLR4 (A) and RAGE (B)
levels in the cells. We used 50nM rhHMGBL for all remaining experiments.
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Recombinant human HMGB1 decreases insulin receptor and Akt phosphorylation, while
increasing IRS-15¢"307 phosphorylation.

We previously reported that pharmacological inhibition of HMGB1 by Box A or
glycyrrhizin restored normal insulin signaling (4). Further, we showed that high glucose
culturing conditions alone increased HMGBL1 levels in REC (11). The increased HMGBL in
response to high glucose is explained as HMGB1 has increased activation in responses to
cellular stressors, such as high glucose, inflammatory mediators, and ischemia (3, 14). To
increase both endogenous and exogenous HMGB1, REC were grown in normal glucose
(5mM) or high glucose (25mM) and treated with rhHMGB1. We measured insulin receptor,
IRS-1, and Akt phosphorylation. We found that rhHMGB1 decreased insulin receptor
(Figure 2A) and Akt phosphorylation (Figure 2C), while increased serine 307
phosphorylation in IRS-1 (Figure 2B). These findings agree with our previous work using
pharmacological HMGBL1 inhibitors.

Epacl can overcome rhHMGB1 actions to restore normal insulin signaling in high glucose-
treated REC.

While we had reported that direct inhibition of HMGB1 could restore normal insulin
signaling, and Epacl could regulate insulin signaling, we wanted to combine these studies to
determine if Epacl could overcome both high glucose-induced increases in HMGB1 and
treatment with rhHMGBJ1. Figure 3A and C show that Epacl could overcome the increase in
HMGB1 to restore normal insulin receptor and Akt phosphorylation, despite increased
endogenous and exogenous HMGB actions. Epacl also reduced IRS-15€r307
phosphorylation in the REC treated with rhHMGB1 (Figure 3B).

HMGB1 utilized RAGE to disrupt insulin receptor and Akt phosphorylation and increase
IRS-15€r307 phosphorylation.

In order to better understand how HMGBL inhibits insulin signaling, we sought to determine
which receptor HMGBL1 utilizes for these actions. Figure 4 shows that rhHMGB1 activates
RAGE to block normal insulin signal transduction. Figure 4B and D show that HMGB1
could not inhibit insulin receptor and Akt phosphorylation when RAGE was knocked down
by siRNA. Figure 4A is a control showing successful knockdown of RAGE by the siRNA.
Scrambled siRNA had no effect on RAGE responses.

Similar to RAGE, TLR4 activation by HMGB1 blocks insulin signal transduction.

Since HMGBL can also signal through the TLR4 receptor to mediate its actions, we also
used TLR4 siRNA with rhHMGBL1 to determine if HMGBL1 signals through the TLR4
receptor to inhibit insulin signaling. Figure 5B and D show that rhHMGB1 could not reduce
insulin receptor and Akt phosphorylation when TLR4 was blocked. rhHMGBL also could
not increase IRS-15€r307 phosphorylation when TLR4 siRNA was used (Figure 5C). Data
using high glucose and scrambled siRNA show that responses are specific to TLR4 actions.
Taken together, these data show that HMGBL1 inhibits insulin signal transduction through
TLR4 and RAGE receptors. Epacl can overcome high HMGB1 levels (both endogenous and
exogenous) to restore normal insulin signaling.
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Discussion.

A number of chronic diseases are linked to inflammation, including diabetic retinopathy (15,
16). While a number of different cytokines and inflammatory pathways have been
investigated, none have led to successful therapy development to date for type 1 diabetes.
Unfortunately, less has been done for retinal responses in type 2 diabetes. Altered insulin
receptor signaling can greatly affect retinal homeostasis, as activation of the insulin receptor
is anti-apoptotic (17). In the normal retina, activation of the insulin receptor by insulin
binding leads to phosphorylation of insulin receptor substrate-1 (IRS-1) or IRS-2 and
activation of Akt (18). Some work reported a role for IRS-2 in the retina (19). In contrast,
we demonstrated that TNFa inhibited insulin signaling via phosphorylation on serine 307 on
IRS-1, which was inhibited by the B-adrenergic receptor agonist, Compound 49b, in both
Muiller cells and REC (20, 21).

Since multiple pathways can increase TNFa actions, we sought to determine if HMGB1
could regulate insulin signaling. We focused on HMGB1, as we have shown that high
glucose culturing conditions increase HMGB1 in REC, which was reduced by Epacl (11).
We also showed that Epacl decreased TNFa levels and restored normal insulin signaling in
the retinal vasculature (12, 13). We grew REC in normal and high glucose and found that
endogenous and exogenous HMGB1 significantly impaired insulin and Akt phosphorylation,
while increasing IRS-15¢7307 phosphorylation. We show that both TLR4 and RAGE can
mediate the inhibitory actions of HMGB1 on insulin signal transduction in REC. These
actions of HMGBL on insulin signaling were overcome by Epacl, which agrees with our
recent work on Epacl and insulin signaling (13). There is not a great deal of literature on the
mechanisms by which HMGBL regulates specific proteins along the insulin signaling
cascade. However, there is some literature on the general role of HMGB1 and its receptors in
diabetes and the retina (3).

Work has shown that diabetes caused HMGBL1 translocation to the cytoplasm in diabetic
pericytes, which was associated with increased RAGE levels (22). Diabetes or intravitreal
injection of HMGBL increased reactive oxygen species and cleaved caspase 3 levels, which
were inhibited by glycyrrhizin, a pharmacological HMGBL1 inhibitor (23). Similar
treatments of diabetes or HMGBL1 increased the inflammatory marker, CXCR4, and VEGF
in the retina or in REC (24). The HMGB1/RAGE axis also regulated permeability of REC
(25). HMGB1 and RAGE mediated mouse adipocyte hypertrophy and insulin sensitivity,
potentially through TLR2 (26).

In contrast to the study in preadipocytes, we found that HMGB1 mediated insulin signaling
through both RAGE and TLR4. We focused on TLR4, since we have previously reported a
role of TLR4 in insulin signaling in both REC and Miller cells in mouse retina (7, 27).
TLR2 and TLR4 are both increased in diabetic patients with recently diagnosed type 2
patients (28). Work in human type 1 patients showed that insulin infusion decreased both
TLR4 and HMGB1 levels in mononuclear cells (29). Future work may extend into whether
TLR2 is the key difference in HMGBL signaling through RAGE vs. TLR4; however, we
have shown that Epacl decreases TLR4 in REC (11).
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Conclusions.

We found that exogenous HMGBL significantly inhibited insulin receptor and Akt
phosphorylation, while increased IRS-15€307 phosphorylation. These actions were mediated
through either TLR4 or RAGE. Epacl overcame both endogenous (from high glucose) and
exogenous HMGBL1 (from rhHMGBL) to restore normal insulin signal transduction in REC.
Future work will extend these findings /n7 vivo and expand the work to determine specific
pathways by which RAGE and TLR4 inhibit insulin signal transduction.
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Highlights
HMGBL inhibits insulin receptor and Akt phosphorylation in REC
HMGB1 increases IRS-1Ser307 phosphorylation in REC
Epacl can overcome exogenous HMGB1 to maintain insulin signaling in REC

HMGBL can use TLR4 or RAGE to inhibit insulin signaling in REC
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Dose response curve for HMGBL1 in activation of TLR4 and RAGE. REC grown in HG were
treated with escalating doses of recombinant human HMGB1. Western blotting was done for
TLR4 (A) and RAGE (B). *P<0.05 vs. HG. N=4 dishes in each group.
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Figure2.
rhHMGBL1 regulates insulin signaling proteins. REC were grown in normal glucose (NG) or

high glucose (HG) and treated with 50nM rhHMGB1. Panel A shows the ratio of
phosphorylated insulin receptor (Tyr1150/1151) vs. insulin receptor, Panel B is the ratio of
IRS-15€r307 phosphorylation to total IRS-1, and Panel C is the ratio of phosphorylated Akt
(Ser473) to total Akt. N=4-6 dishes for all groups. Data are mean £ SEM. *P<0.05 vs. NG,
#P<0.05 vs. HG.
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Epacl regulates insulin proteins despite exogenous HMGB1. REC were grown in normal

glucose (NG) or high glucose (HG). Cells in HG were treated with an Epacl agonist, 50nM
rhHMGB1, or both treatments. Panel A shows the ratio of phosphorylated insulin receptor
(Tyr1150/1151) vs. insulin receptor, Panel B is the ratio of IRS-15¢"307 phosphorylation to
total IRS-1, and Panel C is the ratio of phosphorylated Akt (Ser473) to total Akt. N=4-6
dishes for all groups. Data are mean + SEM. *P<0.05 vs. NG, #P<0.05 vs. HG. $P<0.05 vs.
HG+HMGBL.
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Figure 4.
HMGBL utilizes RAGE to regulate insulin proteins. REC were grown in normal glucose

(NG) or high glucose (HG). Cells in HG were also treated with 50nM rh(HMGB1, RAGE
SiRNA or scrambed siRNA (HG+Sc). Panel A is RAGE as a control for the siRNA. Panel B
shows the ratio of phosphorylated insulin receptor (Tyr1150/1151) vs. insulin receptor, Panel
C is the ratio of IRS-15€r307 phosphorylation to total IRS-1, and Panel D is the ratio of
phosphorylated Akt (Ser473) to total Akt. N=4-6 dishes for all groups. Data are mean +
SEM. *P<0.05 vs. NG, #P<0.05 vs. HG, $P<0.05 vs. HG+HMGBL.
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Figure5.
HMGBL regulates insulin signaling proteins through TLR4 actions. REC were grown in

normal glucose (NG) or high glucose (HG). Cells in HG were also treated with 50nM
rhHMGB1, TLR4 siRNA or scrambed siRNA (HG+Sc). Panel A is TLR4 levels as a control
for the siRNA. Panel B shows the ratio of phosphorylated insulin receptor (Tyr1150/1151)
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Panel D is the ratio of phosphorylated Akt (Ser473) to total Akt. N=4—6 dishes in all groups.
Data are mean + SEM. *P<0.05 vs. NG, #P<0.05 vs. HG, $P<0.05 vs. HG+HMGB..
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