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Loss of pericytes, considered an early hallmark of diabetic retinopathy, is thought to involve abnormal activation
of protein kinase C (PKC). We previously showed that the anti-amyotrophic lateral sclerosis (ALS) drug riluzole
functions as a PKC inhibitor. Here,we examined the effects of riluzole onpathological changes in diabetic retinop-
athy. Pathological endpoints examined in vivo included the number of pericytes and integrity of retinal vessels in
streptozotocin (STZ)-induced diabeticmice. In addition, PKC activation and the induction ofmonocyte chemotac-
tic protein (MCP1)were assessed in diabeticmice and in human retinal pericytes exposed to advanced glycation
end product (AGE) or modified low-density lipoprotein (mLDL). The diameter of retinal vessels and the number
of pericyteswere severely reduced, and the levels ofMCP1 and PKCwere increased in STZ-induced diabeticmice.
Administration of riluzole reversed all of these changes. Furthermore, the increased expression of MCP1 in AGE-
or mLDL-treated cultured retinal pericytes was inhibited by treatment with riluzole or the PKC inhibitor
GF109203X. In silico modeling showed that riluzole fits well within the catalytic pocket of PKC. Taken together,
our results demonstrate that riluzole attenuates both MCP1 induction and pericyte loss in diabetic retinopathy,
likely through its direct inhibitory effect on PKC.

© 2016 Published by Elsevier Inc.
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1. Introduction

Diabetic retinopathy (DR), a retinal microvascular disease, is one of
the leading causes of severe visual loss among theworking-age popula-
tion (Praidou et al., 2010; Yau et al., 2012; Bandello et al., 2013; Ruta et
al., 2013). DR is amultifactorial diseasewhose pathogenesis remains in-
completely understood. Nearly all patients of type 1 diabetes and more
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than 60% of patients with type 2 diabetes suffers of some degree of DR
around 15–20 years after diagnosis (Williams et al., 2004). DR can be
broadly divided into two clinical stages: nonproliferative DR (NPDR)
and proliferative DR (PDR). During the NPDR phase, abnormal perme-
ability and/or nonperfusion of retinal capillaries result in the earliest
visible sign of retinal damage followed by the formation of
microaneurysms (Williams et al., 2004). In PDR, proliferation of new
but fragile blood vessels on the retinal surface (neovascularization) is
the hallmark finding (Williams et al., 2004). Among newly diagnosed
patients with type 2 diabetes, 22% with no DR at baseline developed
NPDR at 6 years and 29% of patients with baseline DR showed progres-
sion of DR of two or more steps on the Early Treatment Diabetic Reti-
nopathy Study scale after 6 years' disease duration (Williams et al.,
2004). Streptozotocin (STZ)-induced diabetic mice typically present
features of NPDR, while oxygen-induced retinopathy mouse models
and Kimba (trVEGF029) transgenic mouse models are commonly used
to investigate PDR (Lai and Lo, 2013).

An early event in DR that occurs prior to the development of
microaneurysm formation or neovascularization is the breakdown of
the blood-retinal barrier (BRB), leading to the increased permeability
of retinal capillaries followed by the increased secretion of
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inflammatory cytokines (Kaur et al., 2008; Praidou et al., 2010; Chew et
al., 2014). The functional abnormalities and eventual loss of pericytes
may play a critical role in this process (Praidou et al., 2010; Fu et al.,
2012; Du et al., 2013; Lai and Lo, 2013). Hyperglycemia per se may di-
rectly lead to vasoregression, or it may do so indirectly via the action
of advanced glycation end products (AGEs), which are non-enzymati-
cally formed in a hyperglycemic environment (Chen et al., 2006; Singh
et al., 2014; Cai and McGinnis, 2016). Modified low-density lipoprotein
(mLDL) is also formed in diabetic patients through oxidation and/or
glycation, and is known to cause accelerated vascular changes in diabe-
tes (Sonoki et al., 2002; Renier et al., 2003; Zhang et al., 2008). The de-
crease in pericyte numbers is associated with a subsequent increase in
vascular permeability, decrease in perfusion, and induction of angiogen-
ic factors such as vascular endothelial growth factor (VEGF)
(Motiejunaite and Kazlauskas, 2008; Praidou et al., 2010).

Protein kinase C (PKC) plays a key role in VEGF signaling, and aber-
rant PKC signaling, specifically that of the PKCβ isoenzyme, is thought to
be involved in the pathogenesis of DR (Aiello, 2002; Budhiraja and
Singh, 2008; Praidou et al., 2010). Accordingly, PKCβ has recently
been suggested as a potential target in the treatment of both early and
late diabetic vascular complications (Aiello, 2002; Menne et al., 2013;
Koya, 2014). Other factors that have been causally linked to DR, includ-
ing inflammatory cytokines such asmonocyte chemoattractant protein-
1 (MCP1), are also modulated by the PKC pathway (Kim et al., 2012).
We have previously found that riluzole, the FDA-approved drug for
amyotrophic lateral sclerosis (ALS), is an inhibitor of PKCβ, showing
that riluzole attenuates pathological changes in oxygen-induced reti-
nopathy, a surrogate model of DR (Sims, 1986). Since PKC is involved
in the early stage of disease progression (Sims, 1986; Noh et al., 2000),
these findings suggest the possibility that riluzolemight also have an in-
hibitory effect on DR.

Commonly used streptozotocin (STZ) or alloxan-induced rodent
models exhibit rapid onset of hyperglycemia and several symptoms of
NPDR such as retinal pericyte loss and capillaries, thickening of vascular
basement membrane, and increased vascular permeability (Cai and
McGinnis, 2016). Apoptosis of retinal ganglion cells and vascular cells
can be identified since 6 weeks of hyperglycemia (Lai and Lo, 2013),
while retinal pericyte loss starts between 4 and 8 weeks of diabetes
(Hammes, 2005). Accordingly, in the present study, we examined the
effects of riluzole on the induction of cytokines in STZ-induced diabetic
mice and by putative mediators of DR in cultured human retinal
pericytes.

2. Methods

2.1. Chemicals

STZ, dimethyl sulfoxide (DMSO), riluzole, and GF109203X were
purchased from Sigma (St. Louis, MO, USA). GF109203X, a pan-PKC
inhibitor, was selected as positive control. AGE was purchased from
Bio Vision (Milpitas, CA, USA).mLDLwas prepared by diluting low-den-
sity lipoprotein, obtained from Calbiochem (La Jolla, CA, USA), in phos-
phate-buffered saline (PBS) and incubating with 10 μM CuCl2 at 37 °C
for 24 h (Jenkins et al., 2000; Lyons et al., 2000).

2.2. Animals

The animal experimental protocol was approved by the Internal
Review Board for Animal Experiments of Asan Life Science Institute,
University of Ulsan College of Medicine (Seoul, Korea). The animals
were treated in accordance with the Guide for the Care and Use of
Laboratory Animals as adopted and promulgated by the U.S. National
Institutes of Health. Male, 8-week-old (22–25 g) C57BL/6NCrSlc mice
were obtained from Japan SLC, Inc. (Hamamatsu, Japan) andmaintained
at 24 °C ± 0.5 °C under a 12-hour light/dark cycle. Animals were
injected intraperitoneally with STZ (150 mg/kg body weight in 50 mM
citrate buffer, pH 4.5) or citrate buffer alone (control) after 4 h of fasting
(Lai and Lo, 2013; Leskova et al., 2013). Diabetes was confirmed using
Super Glucocard II from Dongbang International Inc. (Seoul, Korea),
and animals with blood glucose levels higher than 300 mg/dl 1 week
after STZ injection were considered to be diabetic. This is one of the
standard protocols recommended by the Animal Models of Diabetic
Complications Consortium (Lai and Lo, 2013). Mice were injected intra-
peritoneallywith riluzole (1mg/kg bodyweight per day) or 1%DMSO in
saline daily for 4 weeks. The number of mice used for experimental
setup and treatment is described in Table S1.

2.3. Human retinal pericyte culture

A human retinal pericyte cell linewas obtained fromApplied Cell Bi-
ology Research Institute (Kirkland,WA,USA) and cultured in Dulbecco's
Modified Eagle's Medium with 1 g/l glucose (Invitrogen, Carlsbad, CA,
USA), supplemented with 10% fetal bovine serum (FBS; Invitrogen),
1% penicillin-streptomycin (Lonza, Allendale, NJ, USA), and 2mMgluta-
mine (Sigma) at 37 °C in a humidified 5% CO2 incubator. Cells between
passage 5 and 10 were used for experiments after reaching approxi-
mately 80% confluence.

2.4. Fluorescein angiography

Eight weeks after STZ injection, mice were anesthetized by
isoflurane (1.5%) inhalation, and fluorescein angiography was per-
formed using a MICRON III retinal imaging system (Phoenix Research
Laboratories, Inc., Pleasanton, CA, USA). Photographs were obtained
using a mouse-specific contact lens in MICRON III after intraperitoneal
injection of 0.2 ml of 2% fluorescein sodium (Alcon Laboratories, Inc.,
Fort Worth, TX, USA) (Choi et al., 2013). Fluorescein angiographs of
the early phase were taken at 3 min after fluorescein injection, while
those of the late phase were taken at 15 min. Quantification of fluores-
cence was evaluated as follows: fluorescein intensity was measured at
regular distances from the optic disc between major retinal vessels by
Image J software (NIH, Bethesda, MD, USA), and 5 measurements of in-
tensity were averaged for each eye.

2.5. Fluorescein isothiocyanate (FITC) staining of retinal flat-mounts

Allmicewere injected intramuscularlywith 0.3ml of Zoletil (diluted
1:5), and cardiac perfusionwas performedwith 0.5ml of 15mg/ml dex-
tran (2000 kDa, #FD2000S, Sigma) in saline. After 5 min, eyes were
fixed in 4% paraformaldehyde for 1 h at room temperature and trans-
ferred to a culture dish filled with PBS. Retinal tissues were dissected
andflat-mounted on slideswith coverslips. Capillary intensitywasmea-
sured as the fluorescein intensity of capillaries by Image J software, and
5 measurements of capillary intensity were averaged for each retina.

2.6. Immunohistochemistry

The presence of pericytes was assessed by immunostaining retinal
tissues with an antibody against platelet-derived growth factor recep-
tor-β (PDGFR-β, 1:100; #ab32570, Epitomics, Burlingame, CA, USA).
Co-staining with CD31 antibody (1:500, #MAB1398Z, Millipore, MA,
USA), an endothelial cell marker, was performed to verify the presence
of retinal vessels, while Hoechst 33342 (1:5000, #H3570, Molecular
Probes™, MA, USA)was also used to confirm the loss of cells. Afterfixing
in 4% paraformaldehyde, retinas were washed in PBS and incubated in a
permeabilizing and blocking solution consisting of PBS containing 0.2%
Triton X-100 and 1% bovine serum albumin (BSA). After incubation
with a primary antibody at 4 °C for 7 days, tissues were washed in PBS
three times for 10 min. They were further incubated with Alexa Fluor-
conjugated secondary antibodies at 4 °C for 1 day (1:500; Alexa Fluor
555-donkey anti-rabbit IgG or Alexa Fluor 647-goat anti-hamster IgG,
Invitrogen). After incubation with a secondary antibody, tissues were
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stained with Hoechst 33342 in PBS for 10 min and then washed in PBS
three times for 10 min. Stained retinal tissues were flat-mounted with
DAKO (#S3023, DAKO, Denmark) on glass slides. Confocal images were
obtained by confocal microscopy (LSM710, Carl-Zeiss, Oberkochen,
Germany).
2.7. Western blot analysis

Human retinal pericyte cells and retinal tissues were lysed in RIPA
buffer (20 mM Tris-Cl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 μM Na3VO4, 1 μg/ml
leupeptin, and 1 mM phenylmethylsulfonyl fluoride). The lysates were
centrifuged, and the protein concentration in supernatants was deter-
mined using the DC Protein Assay Reagent (Bio-Rad, Hercules, CA,
USA). Samples containing equal amounts of protein were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and then transferred to polyvinylidene difluoridemembranes (Millipore,
Billerica, MA, USA). Membranes were incubated overnight at 4 °C with
anti-MCP1 (1:1000; #NBP1-07035, NOVUS), anti-pPKC (1:1000;
#9371S, Cell Signaling, Beverly, MA, USA), and/or anti-β-actin (1:2500;
#A5060, Sigma) primary antibodies, followed by incubation with horse-
radish peroxidase-conjugated goat anti-rabbit IgG (1:10,000; Pierce,
Rockford, IL, USA).
2.8. ELISA for MCP1

After reaching 80% confluence, human retinal pericytes in 24-well
plates were exposed to 500 μg/ml AGE or 100 μg/ml mLDL for 24 or
12 h, respectively. Cells were co-treated with riluzole (15 μM);
GF109203X (2.5 μM) was used as a positive control for PKC inhibition.

Cell supernatants containingmost soluble proteinswere centrifuged
and collected for ELISA.MCP1 protein levels in supernatantswere deter-
mined using an ELISA kit (R&D Systems, Minneapolis, MN, USA).
2.9. Immunocytochemistry

Human retinal pericyte cells were plated on glass slides and exposed
to either 500 μg/ml AGE or 100 μg/ml mLDL for 24 or 12 h respectively,
with orwithout co-treatmentwith 15 μMriluzole or 2.5 μMGF109203X.
Cells were then fixed in 4% paraformaldehyde for 1 h, permeabilized,
and blocked by incubating with PBS/0.2% Triton X-100/1% BSA for
30 min. After incubation with anti-MCP1 primary antibody (1:500;
#NBP1-07035, NOVUS) at 4 °C overnight, cells were incubated with
Alexa Fluor-conjugated secondary antibodies (1:1000; Alexa Fluor
555-donkey anti-rabbit IgG, Invitrogen), mounted with mounting
media, and examined by confocal microscopy (LSM710, Carl-Zeiss).
2.10. Docking simulations

Three-dimensional (3D) atomic coordinates of PKC were prepared
from the correspondingX-ray crystal structure in complexwith a potent
inhibitor (PDB code: 3IW4) (Wagner et al., 2009), used as the receptor
model for docking simulations with riluzole and GF109203X.
Gasteiger-Marsilli atomic charges were assigned to all protein and li-
gand atoms to calculate the electrostatic interaction in the PKC-riluzole
complex (Gasteiger and Marsili, 1980). Docking simulations were then
carried out with the AutoDock program (Morris et al., 1998) to obtain
the binding mode of riluzole in the ATP-binding site of PKC. Of the 20
conformations of riluzole generated from docking simulations, those
that clustered together had similar binding modes, differing by b1.5 Å
in positional root-mean-square deviation. Themost stable binding con-
figuration in the top-ranked cluster was selected for further analysis.
2.11. Statistical analysis

All results are presented as means ± SEM. Student's t-tests were
used to evaluate the significance of difference between two groups.
P-values b 0.05 were considered significant. All statistical analyses
and graphical presentations were conducted and created using
Sigma Plot version 10.0 software.

3. Results

3.1. STZ-induced DR in mice

Retinal vascular changes in live mice were examined 8 weeks after
the injection of STZ using fundus photography andfluorescein angiogra-
phy. Compared with angiographic images from age-matched controls
that underwent vehicle injections, images of STZ-treated mouse eyes
were blurrier, reflecting increased leakage of fluorescein, especially at
the late stage (after 15min) (Fig. 1A). Quantification of the relative fluo-
rescence in the areas between retinal arteries confirmed these findings,
showing that fluorescein leakagewas significantly increased in the eyes
of STZ-treated mice compared with those of controls (Fig. 1B). Hence,
STZ-treatment successfully produced DR in mice.

3.2. Hypoperfusion and pericyte loss in STZ-induced diabetic mice

To examine the chronological changes of the retinal vasculature in
DR, we prepared retinal flat mounts from control and STZ-treated
mice at 2-week intervals from4 to 10weeks after injection. Pathological
vascular changes are reported to be diverse even within the same spe-
cies of chemically induced diabetic animal models (Cai and McGinnis,
2016), while there are studies reporting pericyte loss and vascular leak-
age being detected between 4 and 8weeks of diabetes (Hammes, 2005;
Lai and Lo, 2013). Fluorescein leakage was noted even at 4 weeks, and
became more severe at 6 weeks in our experiment protocols. At 8 and
10weeks, fluorescein in vessels wasmarkedly reduced, likely signifying
vessel obliteration and hypoperfusion (Fig. 2A). Additionally, retinal
vascular diameters were also reduced at 8 weeks after STZ injection
compared to control mice (Fig. S3).

To examine the loss of pericytes, we immunostained retinal
pericytes with an antibody against the pericyte marker, PDGFR-β. Con-
sistent with previous results (Hammes, 2005; Kim et al., 2012), we
found a marked reduction in the number of pericytes at the same time
that hypoperfusion became evident (8 and 10 weeks) (Fig. 2B). Counts
of pericytes over total cells in retinal flatmounts confirmed that the loss
of pericytes became significant at 8 weeks, and further progressed at
10 weeks after STZ-treatment (Fig. 2C, D).

3.3. Alteration of MCP1 expression by AGE and mLDL in cultured retinal
pericytes

Various cytokinesmay contribute to the progression of DR. One such
cytokine is MCP1, which is present in vitreous humor and serum, and
contributes to the degree of membrane proliferation in proliferative
DR (Panee, 2012). Several factors have been proposed to induce MCP1
in retinal cells in the context of diabetes, including hyperglycemia per
se, AGE and mLDL, probably through PKC activation (Eisma et al.,
2015). To address the mechanism of MCP1 induction, we treated cul-
tured retinal pericytes with AGE or mLDL, in the presence and absence
of riluzole or the pan-PKC inhibitor GF109203X, and examined MCP1
expression by Western blotting, ELISA, and immunocytochemistry.

Treatment of pericytes with 500 μg/ml AGE increased the levels of
phosphorylated PKC and induced an increase in the expression of
MCP1. Both PKC activation and induction of MCP1 expression by AGE
were completely blocked by addition of GF109203X (2.5 μM), indicating
thatMCP1 inductionwas dependent on PKC activation (Fig. 3A–C). Con-
sistent with its reported PKC inhibitory properties, riluzole also blocked



Fig. 1. Fundus fluorescein angiography of DR. (A) Representative photographs of fluorescein angiography (FA) taken 8 weeks after STZ injection showed more prominent fluorescein
leakage at late stage in diabetic mice (n = 14) compared to control mice (n = 10). (B) Quantification of fluorescein angiography results (#P b 0.005). Fluorescein angiographs of the
early phase were obtained 3 min after fluorescein injection while those of the late phase were taken at 15 min. The intensity of fluorescein leakage was quantified as the difference
between intensities of late phase and early phase and averaged from 5 different measurements.
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AGE effects on PKC and MCP1 (Fig. 3A–C). Immunocytochemistry and
ELISA confirmed that AGEmarkedly increasedMCP1 levels, and riluzole
attenuated these effects (Fig. 3D, E). Similar increases in PKC activity
and MCP1 expression were also induced by mLDL; again, these effects
were completely abrogated by the addition of riluzole or GF109203X
(Fig. 3F–J).

3.4. In vivo effect of riluzole on MCP1 induction in DR

Having observed an inhibitory effect of riluzole on AGE- and mLDL-
induced MCP1 expression in cultured pericytes, we next examined
riluzole effects on STZ-induced DR in mice. To determine whether
riluzole affected glucosemetabolism per se, wemeasured bodyweights
and blood glucose levels weekly during the experiment. Neither param-
eter was significantly different between vehicle and riluzole treatment
in control or STZ-treated diabetic mice (Fig. 4). All STZ-treated mice ex-
hibited profound hyperglycemia during this period (Fig. 4B).

After 4 weeks of riluzole treatment, intracellular levels of MCP1 in
retinas were examined by Western blot analysis. As shown in Fig. 5(B,
C), the level of MCP1 in retinas was approximately doubled in diabetic
mice. As was the case in cultured pericytes, administration of riluzole
completely blocked the increased MCP induction in retinas of diabetic
mice (Fig. 5B, C).

3.5. Attenuation of STZ-induced DR by riluzole

Fluorescein angiography confirmed that treatment with riluzole sig-
nificantly decreased leakage in STZ-induced diabetic mice (Fig. 6A, B).
Also, the hypoperfused area was reduced and capillary density was at-
tenuated in riluzole-treated diabetic mice compared to untreated dia-
betic mice (Fig. 6C, D). Immunostaining with PDGFR-β antibody and
co-staining with CD31 antibody showed loss of retinal pericytes in reti-
nal capillaries in non-treated diabetic mice and this was protected in
riluzole-treated mice (Fig. 6E, F). Reduced retinal vascular diameters
were also recovered with riluzole treatment (Fig. S3).

3.6. In silico binding analysis of riluzole with respect to PKCβ

Although we have shown that riluzole is a PKC inhibitor in cells and
in isolatedmembrane fractions (Noh et al., 2000), it has not yet beende-
termined whether it directly interacts with PKC. To examine the possi-
bility of direct binding of riluzole to PKC, we performed docking
simulations of riluzole in the ATP-binding site of PKC. The lowest-ener-
gy conformation of riluzole in the ATP-binding site of PKC is shown in
Fig. 7(A). Both riluzole and GF109203X appear to be stabilized in the
unique binding pocket comprising the Gly loop and the hinge region
of the ATP-binding site at the interface of the N- and C-terminal do-
mains. As a check on the possibility of allosteric inhibition of PKC by
riluzole, we performed additional docking simulations with extended
3D gridmaps to include the entire kinase domain. No peripheral binding
pocket was found in which riluzole could be stabilized with a negative
binding free energy. It is thus expected that the inhibitory activity of
riluzole stems from its specific binding in the ATP-binding site of PKC.

We next turned to defining the detailed interactions responsible for
the stabilization of riluzole in the ATP-binding pocket. Notably, the
binding mode of riluzole computed by docking simulations, shown in
Fig. 7(B), indicates that the terminal amino group of riluzole donates a
hydrogen bond to the backbone aminocarbonyl oxygen of Glu418.
This hydrogen bond is similar to that found to play an anchoring role
in binding of a potent PKC inhibitor (Wagner et al., 2009), suggesting
that the hydrogen-bond interactions with backbone groups of the
hinge region are necessary for the inhibitory activity of riluzole. In the
calculated PKC-riluzole complex, an additional hydrogen bond is
established between the \\CF3 moiety and the side-chain
butylammonium ion of Lys368. This hydrogen bond also seems to con-
tribute significantly to the stabilization of riluzole in the ATP-binding
pocket. Riluzole appears to be stabilized further in the ATP-binding
site through the establishment of hydrophobic interactions between
its nonpolar groups and the side chains of Phe350, Val353, Ala366,
Leu391, Met417, and Ala480. Judging from the pattern of PKC-riluzole
complex formation derived fromdocking simulations, the inhibitory ac-
tivity of riluzole can be attributed to the two hydrogen bonds and the
hydrophobic interactions established simultaneously in the ATP-bind-
ing pocket.

4. Discussion

The central finding of the present study is that riluzole, a FDA-ap-
proved anti-ALS drug, has beneficial effects on DR in mice treated with
STZ. First, riluzole ameliorated pericyte loss,fluorescein leakage, andhy-
poperfusion in the retina of diabetic mice. Second, riluzole inhibited the
induction of MCP1, a major inflammatory cytokine implicated in DR, in
retinas of diabeticmice aswell as in cultured pericytes treatedwith AGE
or mLDL, which may contribute to the pathology of DR. At least in vitro,
the effects of riluzole were mimicked by GF109203X, a standard pan-
PKC inhibitor, consistent with the interpretation that riluzole effects
are mediated by PKC inhibition.

DR is one of the leading causes of blindness in adults, afflicting about
35% of diabetic patients during their lifetime (Yau et al., 2012; Ruta et al.,
2013). The pathogenesis of DR is not yet fully understood (Praidou et al.,
2010; Abcouwer, 2013; Chew et al., 2014), although hyperglycemia-in-
duced changes in inflammatory cytokines, microvascularity, and angio-
genic factors are likely involved (Witmer et al., 2003; Bhagat et al., 2009;
Bandello et al., 2013; Tarr et al., 2013). Themicrovascular dysfunction in
DR clinically encompasses capillary hyperpermeability and obliteration,
which results in complications such as diabetic macular edema and



Fig. 2. Hypoperfusion and pericyte loss in diabetic mice. (A) Hypoperfusion in DR. Leakage was evident after 4 weeks of diabetes induction, and the hypoperfused area had expanded at
8 weeks (green: FITC-dextran). (B) Pericyte loss in DR. Immunostaining of retinal flat mounts was perfomed with antibodies for PDGFR-β (red) and Hoechst (blue). The number of
pericytes decreased in diabetic mice beginning at 8 weeks, and was half that of controls at 10 weeks (4, 6, 8, 10 weeks; CTL n = 2, DM n = 3). Original magnification, × 200; scale bar,
200 μm. (C) Quantification of pericytes cells per retinal vascular area (number/mm, *P b 0.05, #P b 0.005, ##P b 0.001).
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Fig. 3. AGE- and mLDL-induced MCP1 expression and its attenuation by riluzole in human cultured retinal pericytes. Treatment with AGE (500 μg/ml) or mLDL (100 μg/ml) increased
intracellular MCP1 levels, and this was attenuated by GF109203X (2.5 μM) or riluzole (15 μM). (A) Western blot analysis of AGE-induced MCP1 expression and PKC activation in the
presence and absence of riluzole. Quantification of western blot of MCP1 expression (B, n = 3) and PKC activation (C, n = 3). AGE-induced increases in MCP1 levels in the presence
and absence of riluzole determined by immunohistochemistry (D) and ELISA (E). (F) Western blot analysis of mLDL-induced MCP1 expression and PKC activation in the presence and
absence of riluzole. Quantification of western blot of MCP1 expression (G, n = 3) and PKC activation (H, n = 3). mLDL-induced increases in MCP1 levels in the presence and absence
of riluzole determined by immunohistochemistry (I) and ELISA (J). ELISA and WB were performed with cell lysates. Original magnification, ×400; scale bar, 100 μm (*P b 0.05,
**P b 0.01, #P b 0.005).
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retinal neovascularization (Bandello et al., 2013). Diabetic macular
edema, causedby thedisruption of theBRB, is a chronic vision-threaten-
ing complication that may occur at any stage of DR (Bhagat et al., 2009;
Bandello et al., 2013). On the other hand, progressive retinal
hypoperfusion caused by the closure of capillaries results in induction
of angiogenic factors such as VEGF. Thus, induced proliferative neovas-
cularization, in turn, causes vitreous hemorrhage or tractional retinal
detachment (LeCaire et al., 2013; Lutty, 2013). Themainstays of current



Fig. 4. Body weights and blood glucose levels in diabetic mice. There were no significant
differences between riluzole and vehicle-treated groups in diabetic mice (n = 29 for
DM-veh and n= 31 for DM-Ril) or controls (n= 12 for CTL-veh and n= 10 for CTL-Ril).
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therapy for DR are surgery for vitreous hemorrhage and retinal detach-
ment, and treatment with anti-angiogenic drugs, such as anti-VEGF
monoclonal antibodies, VEGF receptor blockers or steroids, for macular
edema and neovascularization (Praidou et al., 2010). However, these
therapies are often started in only late stages of DR, and are designed
to prevent further deterioration rather than restore impaired vision
(Aiello, 2002).

The loss of pericytes may play a crucial initial role in all of the
above pathological changes of DR. Pericytes are essential for the in-
tegrity and regulation of retinal capillaries by exerting smooth mus-
cle-like actions. Likely reflecting this, retinal vessels are coveredwith
pericytes at the highest density in the body (Sims, 1986;
Motiejunaite and Kazlauskas, 2008). Notably, pericytes are
especially enriched in the retina, highlighting their crucial role in
this tissue (Motiejunaite and Kazlauskas, 2008; Du et al., 2013).
Pericytes, as part of the neurovascular unit, are a major component
Fig. 5. Induction of MCP1 and pPKC and their attenuation by riluzole in retinal tissues of diabe
riluzole (1 mg/kg)-treated, and untreated diabetic mice. (B, C) MCP1 and pPKC levels were sig
compared to controls (n= 9 respectively). MCP1 and pPKC levels were significantly reduced i
compared with untreated diabetic mice (*P b 0.05, **P b 0.01). Western blot was performed w
of the blood-brain barrier/BRB, assigned for vessel stabilization and
neurovascular coupling (Trost et al., 2016). The loss of pericytes,
which results in BRB disruption as well as reduced perfusion, is a
characteristic pathologic feature of early-stage DR (Motiejunaite
and Kazlauskas, 2008; Praidou et al., 2010; Fu et al., 2012). The accu-
mulation of cytotoxic AGE in pericytes and decreases in PDGF levels
have been suggested as possible causes of pericyte dropout in DR
(Motiejunaite and Kazlauskas, 2008). Clinically, diabetic patients
with late-stage DR exhibit diffuse leakage of fluorescein from
hyperpermeable new retinal vessels on fluorescein angiography
(Wu et al., 2013). In the current study, we verified the vascular leak-
age and loss of pericytes in STZ-induced diabetic mice using a
mouse-specified fluorescein angiography imaging system and stain-
ing of retinal flat mounts (Leskova et al., 2013). We verified the role
of AGE and mLDL, factors known to contribute to diabetic vascular
complications, in the retinal pericytes, confirming previous reports
that, among several tested diabetes-involved cytokines, these two
factors in particular increase the induction of MCP1 (Friedman,
1999; Fu et al., 2012). MCP1 expression was also clearly increased
in the retinas of diabetic mice, indicating that MCP1 is highly
expressed in DR.

Hyperglycemia results in the generation of AGE and reactive oxygen
species, which in turn leads to activation of the PKC pathway (Friedman,
1999; Aiello, 2002; Thallas-Bonke et al., 2008; Bandello et al., 2013). PKC
acts as a key signaling mediator for many growth factors, neurotrans-
mitters, and inflammatory cytokines (Aiello, 2002; Geraldes and King,
2010). In DR, PKC increases vascular permeability and upregulates
VEGF signaling, and thus is considered a potential therapeutic target
in DR (Murakami et al., 2012; Bandello et al., 2013; Tarr et al., 2013).
Riluzole, a FDA-approved drug for ALS, has been considered to be a pre-
synaptically acting antiglutamate drug (Kim et al., 2007). However, we
have presented evidence that riluzole inhibits PKC (Sims, 1986; Noh et
al., 2000). Thus, we hypothesized that riluzole may have beneficial ef-
fects in DR. Consistent with this idea, riluzole attenuated AGE- and
mLDL-induced increases in pPKC levels and MCP1 expression in cul-
tured pericytes as well as in diabetic mice. This effect of riluzole was
similar to that of the pan-PKC inhibitor, GF109203X,which also reduced
the levels of pPKC andMCP1, further supporting the idea that PKC inhi-
bition underlies the mechanism of action of riluzole. The in vivo effects
of riluzole are unlikely attributable to its effects on glucose metabolism,
since blood glucose levels and body weights were not affected by
riluzole treatment.

Increased vascular permeability and reduced perfusion are hallmark
pathological features of DR. We used a mouse-tailored ocular imaging
system, MICRON III, to visualize the induction of DR in live mice. In
vivo fluorescein angiography showed differences in fluorescein leakage
between control and riluzole-treated diabetic mice: whereas fluoresce-
in leakagewas a prominent feature in control diabeticmice, leakagewas
significantly decreased in riluzole-treated mice. Flat mount histology
tic mice. (A) Western blot analysis of MCP1 and pPKC expression in eye tissues of control,
nificantly increased in diabetic mice (n = 12 for MCP1 and n = 10 for pPKC respectively)
n diabetic mice treated with riluzole (n= 10 for MCP1 and n= 11 for pPKC respectively)
ith whole eyeball lysates.



Fig. 6. Attenuation of DR by riluzole. (A) Representative photographs of fluorescein angiography taken 8 weeks after STZ injection showed attenuated fluorescein leakage at late stage in
riluzole-treated diabeticmice (n=10) compared to untreated diabeticmice (n=14). (B) Quantification of fluorescein angiography results (*P b 0.05). (C) Perfusionwas improved in DR
by treatment with riluzole (green: FITC-dextran). (D) Quantification of capillary intensity (##P b 0.001). (E) Immunostaining of retinal flat mounts with antibodies for PDGFR-β (red),
CD31 (green) and Hoechst (blue). Pericyte loss in DR was inhibited in riluzole-treated diabetic mice (n = 6) compared to untreated diabetic mice (n = 6). (F) Quantification of
pericytes number (##P b 0.001). Original magnification, × 200; scale bar, 200 μm.
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confirmed this in vivo observation. Again, riluzole attenuated the loss of
PDGFR-β-positive pericytes and ameliorated the reduction in perfusion.

Although experiments inwhole cells suggest that riluzole is an effec-
tive PKC inhibitor, they do not address whether riluzole inhibits PKC
directly or indirectly. To test the possibility that riluzole directly binds
to PKC,we conducted docking simulations of riluzole in the ATP-binding
site of PKC. A detailed binding-mode analysis indicated that riluzole
binding in this site was facilitated by the formation of two hydrogen
bonds with the backbone group in the hinge region and the side chain
in the Gly loop. Simultaneously, van der Waals interactions with the
nonpolar residues around the ATP-binding pocket were also found to
contribute significant binding forces to the stabilization of the PKC-
riluzole complex. These computational results strongly suggest that
riluzolefitswell into the ATP-binding site of PKCβ, and argue that the at-
tenuation ofMCP1 induction and protection against retinal pericyte loss
in diabetic mice produced by riluzole is attributable to direct inhibition
of PKC.

Collectively, the results of the present study demonstrate that
riluzole, acting as a PKC inhibitor, attenuates the induction of MCP1 by
AGE or mLDL in cultured retinal pericytes as well as in the STZ-induced
mousemodel of DR. These findingswarrant further evaluation of the ef-
ficacy of riluzole in DR.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.taap.2016.12.004.
Conflict of interests

The authors declare no conflict of interests with respect to the
research, authorship, and/or publication of this article.

http://dx.doi.org/10.1016/j.taap.2016.12.004
http://dx.doi.org/10.1016/j.taap.2016.12.004
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riluzole and PKC are shown in green and cyan, respectively. Hydrogen bonds are indicated with dotted lines.
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