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Abstract

Purpose Early activation of cytosolic NADPH oxidase-2 (Nox2) in diabetes increases retinal ROS production, damaging their
mitochondria. The assembly of Nox2 holoenzyme requires activation of a small molecular weight G protein Racl. Racl
activation is regulated by guanine exchange factors and guanine nucleotide-dissociation inhibitors, and post-translational mod-
ifications assist in its association with exchange factors and dissociation inhibitors. The goal of this study is to investigate the
mechanisms of Racl activation in the development of diabetic retinopathy.

Methods The levels of the dissociation inhibitor, prenylating enzyme (farnesyltransferase, FNTA), and exchange factor Vav2
were quantified in human retinal endothelial cells, incubated in normal or high glucose for 96 h. The roles of prenylation and
Vav2 in Rac1-Nox2-ROS mitochondrial damage were confirmed in FNTA-siRNA-transfected cells and using the Vav2 inhibitor
EHop, respectively. Retinal histopathology and functional changes associated with diabetic retinopathy were analyzed in diabetic
mice receiving EHop for 6 months. Key parameters of Racl activation were confirmed in the retinal microvasculature from
human donors with diabetic retinopathy.

Results In HRECs, glucose increased FNTA and Vav2 and decreased the dissociation inhibitor. FNTA-siRNA and EHop
inhibited glucose-induced activation of Rac1-Nox2—ROS signaling. In diabetic mice, EHop ameliorated the development of
retinopathy and functional/structural abnormalities and attenuated Racl-Nox2—mitochondrial damage. Similar alterations in
Racl regulators were observed in retinal microvasculature from human donors with diabetic retinopathy. In diabetes, Racl
prenylation and its interactions with Vav2 contribute to Nox2—ROS—mitochondrial damage, and the pharmacological inhibitors
to attenuate Racl interactions with its regulators could have the potential to halt/inhibit the development of diabetic retinopathy.

Keywords Diabetic retinopathy - NADPH oxidase - Oxidativesstress - Post-translational modifications - Ras-related C3 botulinum
toxin substrate 1, Racl

Introduction stress is increased, and the mitochondria are damaged [1-3].

Experimental models have documented that increase in cyto-
Diabetic retinopathy is the major blinding disease among  solic reactive oxygen species (ROS) precedes mitochondrial
working age adults, but the molecular mechanism(s) of this ~ damage—capillary cell apoptosis and the histopathology char-
progressing disease remains obscure. Diabetes alters many  acteristic of diabetic retinopathy [4]. Phagocyte-like NADPH
metabolic pathways in the retina and its vasculature, oxidative oxidase-2 (Nox2) is considered as one of the major sources of
cytosolic ROS, and in diabetes, this enzyme is activated in the
retinal vasculature [5]. Nox2 is a multicomponent enzyme,
and one of the most critical members of this holoenzyme is
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activation is essential for its movement to the membrane for
Nox2 activation [7].

Activation of Racl is mediated by at least three distinct
families of proteins, namely guanine exchange factors
(GEFs), GTPase-activating proteins (GAPs), and guanine
nucleotide-dissociation inhibitors (GDIs). While GEFs facili-
tate membrane localization of Racl, GDIs regulate access of
Racl to the GEFs [10]. Association of Racl with GDIs is
assisted by post-translational modification including
palmitoylation and prenylation [11, 12]. These modifications
increase the hydrophobicity of Racl, enabling it to translocate
to the membrane for the formation of Nox2 holoenzyme, and
its activation [ 13—15]. However, how diabetes affects the post-
translational modification of Rac1-GDIs is unclear.

Guanine nucleotide exchange factors, especially Tiaml
and Son of Sevenless 1 (Sosl), are intimately associated with
the activation of Racl-Nox2 in the development of diabetic
retinopathy [4, 16]. Activation of Racl, however, is also me-
diated by other GEFs, and Vav2 is considered as another im-
portant GEF for Racl activation [17, 18], and functional in-
activation of Vav2 is shown to attenuate sustained activation
of Rac1-Nox2 signaling in beta cells of islets [19]. The role of
Vav2 in the activation of retinal Rac1 in diabetes is not known.

The goal of this study is to investigate putative mechanisms
underlying the activation of Racl in the development of dia-
betic retinopathy. Using experimental models (in vitro and
in vivo) and retinal microvasculature from human donors with
documented diabetic retinopathy, we have investigated the
role of prenylation on Racl activation. We have also investi-
gated the roles of Vav2 in the regulation of Rac1-Nox2-ROS
signaling and the development of structural and functional
changes associated with diabetic retinopathy in a diabetic
mouse model.

Methods
Retinal Endothelial Cells

Primary human retinal endothelial cells (HRECs) were pur-
chased from Cell Systems Corporation (Cat. No. ACBRI
181, Kirkland, WA, USA). These cells were characterized
using immunostaining for Von Willebrand factor. The cells
were cultured in Dulbecco’s modified Eagle medium
(DMEM)-F12 supplemented with 15 pg/mL endothelial
cell growth supplement, 10% heat-inactivated fetal bovine
serum, and 1% each insulin—transferrin—selenium—
Glutamax and antibiotic/antimycotic [8]. HRECs from the
6th—9th passage were incubated in normal (5 mmol/L, NG)
or high (20 mmol/L, HG) D-glucose for 96 h in the presence
or absence of a small molecule inhibitor of Vav2, 5 umol/L
EHop-016 (EHop, Cat. No. SML0526; Sigma-Aldrich
Corp., St. Louis, MO). A group of cells was transfected
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with the siRNA of prenylation enzyme farnesyltransferase,
FNTAIa-siRNA (Cat. No. 4390824, Thermo Fisher
Scientific, Waltham, MA, USA), employing
Lipofectamine RNAIMAX (Cat. No. 13778030, Life
Technologies, Carlsbad, CA). Aftertransfection, the cells
were incubated in NG or HG media for 96 h [8, 16, 20,
21]. Parallel incubations with nontargeting scrambled
RNA, or with reagent alone, were used as controls. In each
experiment, L-glucose (L-Glu) at 20 mmol/L, instead of
20 mmol/L D-glucose, was used as an osmolarity/
metabolic control.

Animal Model

Diabetes was induced in 7-9-week-old C57BL/6J mice
(Jackson Laboratory, Bar Harbor, ME) by streptozotocin
(55 mg/kg BW) administration for four consecutive days.
The mice presenting blood glucose > 250 mg/dL, 2 days after
the last injection, were considered diabetic [8, 22], and this
model represents type 1 diabetes. Diabetic mice were divided
into two groups: group 1 received intraperitoneal administra-
tion of EHop (25 mg/kg BW/day) and group 2 mice did not
receive any treatment [23]. Six months after induction of dia-
betes, the animals were sacrificed and their retina was collect-
ed. Age-matched normal mice were used as controls. The
treatment of animals conformed to the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research and
was approved by the Wayne State University’s Institutional
Animal Care and Use Committee.

Human Donors

Eyes from human donors with clinically documented diabetic
retinopathy, enucleated within 5-6 h of death, were obtained
from the Eversight Eye Bank, Ann Arbor, MI; these eye
globes were enucleated within 8 h of death. Donors ranged
from 45 to 75 years of age, and over 75% of them had type 2
diabetes and the duration of diabetes was from 10 to 35 years.
Eye globes from age-matched nondiabetic donors were used
as controls [24]. These globes were coded by the eye bank and
did not reveal any patient identification.

Retinal Microvessels

Retinal microvessels were prepared by incubating freshly iso-
lated retina in distilled water for 1 h at 37 °C in a shaker water
bath. The nonvascular tissue was gently removed under a
dissecting microscope using a Pasteur pipette, as reported pre-
viously [9]. The microvessels were then rinsed with PBS and
used for analysis. The entire retina from a mouse eye or 1/8th
to 1/5th of the temporal retina from human samples was uti-
lized for each microvessel preparation.



Mol Neurobiol (2019) 56:8643-8655

8645

Gene Transcripts

Total RNA was isolated with TRIzol reagent (Life
Technologies, Carlsbad, CA) and ¢cDNA was synthesized
from 1 pg RNA using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA).
Quantitative real-time PCR (qRT-PCR) was performed using
SYBR green master mix and the gene/species-specific primers
(Table 1). SYBR green single melt curve analysis was per-
formed to confirm the specific products. G-Actin (human) or
18S (mice) were used as the housekeeping gene, and the rel-
ative fold change was calculated using the delta delta Ct meth-
od [8, 16].

Western Blotting

Protein expression was determined in 3040 pg protein by the
western blotting technique using antibodies against FNTA
(Cat. No. ab186136, Abcam, Cambridge, MA, 1:1000 dilu-
tion), GDI (Cat. No. sc-373724, Santa Cruz Biotechnology,
Santa Cruz, CA; 1:500 dilution), and Vav2 (Cat. No. ab52640,
Abcam; 1:1000 dilution). 3-Actin (Cat. No. A5441, Sigma-
Aldrich; 1:2000 dilution) was employed as the loading
control.

Rac1 Activity

Active Racl was quantified by G-LISA colorimetric assay kit
(Cat. No. BK-128; Cytoskeleton, Denver, CO), employing
20-25 pg protein [4, 8]. Fold change was calculated

Table 1 Primer sequences
Primer Sequence
Human
FNTA Fwd—GACTCGCCCTCCTATGTCCT
Rev—TGATCTGGACCACGG GATTG
Cytb Fwd—TCACCAGACGCCTCAACCGC
Rev—GCCTCGCCCGATGTGTAGGA
Vav2 Fwd—GACGTCAAGAAGTCTCACGGG
Rev—GGAAGCCCTGCTTTCCTTGA
GDI Fwd—GCCTACGGCTATCCTCGC
Rev—CTCAAGCTTAGCCTGGGTCG
B-Actin Fwd—AGCCTCGCCTTTGCCGATCCG
Rev—TCTCTTGCTCTGGGCCTCGTCG
Mouse
Cytb Fwd—CCCATTCATTATCGCCGCCC
Rev—GGTCTCCTAGTAGGTCTGGG
188 Fwd—GCCCTGTAATTGGAATGAGTCCACTT

Rev—CTCCCCAAGATCCAACTACGAGCTTT

considering the values obtained from cells in normal glucose,
or nondiabetic mice, as 100%.

Nox2 Activity

Lucigenin-enhanced chemiluminescence assay was per-
formed in 10 pg protein using lucigenin (25 pwmol/L, Cat.
No. M8010, Sigma-Aldrich) as an electron acceptor and 200
pmol/L. NADPH as substrate, in the presence or absence of
0.2 mmol/L apocynin [25].

Reactive Oxygen Species

Total ROS levels were quantified in 4-6 pg protein using
2'.7'-dichlorofluorescein diacetate (DCF-DA; catalog no.
D6883; Sigma-Aldrich). Values obtained from cells in NG
were considered as 100% [7].

Immunofluorescence

The cellular localization of Racl and GDI was performed
by immunofluorescence technique using primary antibod-
ies against Racl (Cat. No. PA1-091x, Life Technologies;
1:200) and GDI (Cat. No. sc-373724, Santa Cruz
Biotechnology; 1:100 dilution) [16]. For Racl and Vav2,
cellular localization was performed using primary antibod-
ies against Racl (Cat. No. ab33186, Abcam; 1:200 dilu-
tion) and Vav2 (Cat. No. ab52640, Abcam; 1:200 dilution).
Secondary antibodies included Alexa Fluor 488-conjugated
anti-rabbit (Cat. No. A11008, Molecular Probes-Life
Technologies, Grand Island, NE; 1:500 dilution) or Texas
Red-conjugated (Cat. No. TI200, Vector Laboratories,
Burlingame, CA; 1:500 dilution). DAPI (4',6-diamidino-
2-phenylindole) containing mounting medium (blue)
(Vector Laboratories) was used to visualize the nucleus.
The cells were examined under Zeiss Apotome microscope
(Wetzlar, Germany) at 40x magnification.

Cell Death

Cell death was determined using Cell Death Detection
ELISAPLUS kit (Cat. No. 11774425001, Roche
Diagnostics, Indianapolis, IN) [16]. The results were calculat-
ed as fold change considering the values obtained from cells in
normal glucose as 100%.

Histopathology and TUNEL Staining in Mouse Retinal
Microvasculature

The eyes were enucleated and fixed with 4% paraformalde-
hyde, and the whole retina was isolated and incubated in 3%
crude trypsin (Gibco, Grand Island, NY) containing 200 mM
sodium fluoride at 37 °C for 45-70 min. The neuroretinal
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tissue was gently brushed away under a microscope, and the
vasculature was stained with terminal deoxyribonucleotide
TUNEL using an In Situ Cell Death Kit (Cat. No.
11684795910, Roche Molecular Biochemicals). As a positive
control, retinal vasculature treated with DNAse was also
stained with TUNEL. The TUNEL-positive capillary cells
were counted under a fluorescence microscope, and the mi-
crovasculature was then stained with periodic acid Schiff-
hematoxylin to count acellular capillaries by light microscopy
[22, 26].

Vascular Angiography

One week before termination of the experiment, vascular an-
giography was performed using a Micron IV retinal imaging
microscope (Phoenix Research Laboratories, Pleasanton,
CA), employing the methods previously described by us
[22]. Briefly, after anesthetizing the mice with ketamine
(67 mg/kg)—xylazine (10 mg/kg), followed by dilation of their
pupil with 0.1% tropicamide ophthalmic solution, the fundus
was photographed using a fundus camera for small animals.
AK-FLUOR (0.5% solution, 0.01 mL/g BW) was then
injected intraperitoneally, and the photographs were taken
for 15 min after fluorescein administration using a barrier filter
for fluorescein angiography [22, 27].

Optical Coherence Tomography

Optical coherence tomography (OCT) was performed in mice
using Micron IV retinal imaging system. Dilation and lubri-
cant solutions were applied on the cornea of anesthetized
mice, and their eyes were positioned in front of the OCT
camera. Along the horizontal axis through the optic disc, an
average b-scan from 50 individual scans along the retinal
cross-section was obtained from each eye. The thickness of
the ganglion cell layer (GCL)+inner plexiform layer (IPL),
inner nuclear layer (INL), and total retinal layers was mea-
sured at 200 to 400 um distance on either side of the optic
disc in the average b-scan using the caliper tool in the InSight
software.

Changes in the retinal morphology were confirmed in 8§ pm
retinal cryosections, stained with hematoxylin and eosin, and
the images were analyzed at three random places using ImageJ
software [22].

Electroretinogram

Mice, dark adapted for 12 h, were anesthetized with
ketamine—xylazine mixture, and their pupil was dilated
with tropicamide ophthalmic solution. A lubricant solution
(2.5% hypromellose) was applied, and a silver-embedded
thread electrode was placed over the cornea, which was
held in place using contact lens. Electroretinogram (ERG)
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responses were recorded in a series of Ganzfeld flashes
with intensities ranging from 100 to 25,000 meds/m? using
Ocuscience HMSsERG Lab system. The amplitudes of a-
wave and b-wave were quantified using ERGview software
[22].

Statistical Analysis

Data are presented as mean + SD. Comparison between
groups was made using one-way ANOVA followed by
Dunn’s ¢ test; p < 0.05 was considered significant.

Results
Retinal Endothelial Cells

Racl is activated in the retina and its capillary cells in hyper-
glycemic milieu [4, 16], and prenylation of Racl is implicat-
ed in its activation and assembly of Nox2 holoenzyme
[13—15]. The levels of the x-subunit of prenyltransferase
were quantified in the cells; compared to HRECs in NG,
HRECs in HG had 50% increase in FNTA mRNA (Fig. 1a).
To investigate the effect of prenylation on glucose-induced
activation of Racl, HRECs transfected with FNTA-siRNA
were employed; inhibition of FNTA by its siRNA attenuated
glucose-induced increase in gene transcripts of FNTA and
ameliorated activation of both Racl and Nox2. The values
obtained from FNTA-siRNA-transfected cells and
nontransfected cells in HG were significantly different from
each other (Fig. la—c). In the same transfected cells,
FNTA-siRNA also ameliorated glucose-induced mtDNA
damage, as depicted by the amelioration of decrease in Cytb
gene transcripts in FNTA-siRNA cells (Fig. 1d). Incubation of
cells in 20 mmol/L L-glucose, instead of 20 mmol/L D-glu-
cose, had no effect on the activities of Racl and Nox2 and the
gene transcripts of FNTA and Cytb. Glucose-induced de-
creased interactions between Racl and GDI were ameliorated
in FNTA-siRNA—transfected cells. Since prenylation of Racl
regulates its association with GDI, the effect of high glucose
on association of Racl with GDI was determined; as shown
in Fig. 1 e and f, GDI expression was significantly decreased
in cells incubated in high glucose, compared to cells in nor-
mal glucose. In the same cell preparations, co-localization of
Racl with GDI was also decreased, and glucose-induced de-
crease in interactions between Racl and GDI was ameliorated
in FNTA-siRNA—transfected cells (Fig. le). Figure 1 g is
included to show >70% transfection efficiency of
FNTA-siRNA, as determined by its mRNA and protein
expression.

GEFs have an important role in Racl activation by reg-
ulating the switch between the GTP and GDP-bound Racl
[28]. As shown in Fig. 2 a, glucose significantly increased
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Fig. 1 Prenylation and Rac1-Nox2 activation. HRECs, transfected with
FNTA-siRNA (FT-si), or untransfected cells, incubated in normal or high
glucose for 4 days, were analyzed for a FNTA mRNA by q-PCR, b Racl
activation by G-LISA, ¢ Nox2 activity by lucigenin-enhanced chemilu-
minescence assay, and d mitochondrial damage by quantifying mRNA of
Cytochrome b (Cytb). e Co-localization of Rac1-GDI was determined by
immunofluorescence using Alexa Fluor 488 (green)-conjugated and
Texas Red (red)-conjugated secondary antibodies for Racl and GDI,
respectively. f Protein expression of GDI was determined by western blot
technique; the blot is a representative of 5-6 samples in each group. g

the expression of Vav2 in HRECs. In the same cell prepa-
rations, Racl association with Vav2 was also increased in
high glucose conditions (Fig. 2b). The role of Vav2 in Racl
activation was further confirmed by utilizing a pharmaco-
logical inhibitor of Vav2, EHop; the addition of EHop ame-
liorated glucose-induced increased association of Racl
with Vav2 (Fig. 2b).

FNTA mRNA and protein was quantified for its transfection efficiency in
HRECsS. Values obtained from untransfected cells in normal glucose are
considered as 1 (mRNA) or 100% (activity) and are represented as mean
+ SD from three different cell preparations, and each measurement was
performed in duplicate. NG and HG = normal and high glucose, respec-
tively; L-Glu = L-glucose 20 mmol/L; NG or HG+FT-si = cells
transfected with FNTA-siRNA and incubated in normal or high glucose
for 96 h. SC = cells with scrambled RNA. *p < 0.05 compared to NG and
#p < 0.05 compared to HG

Consistent with Racl-Vav2 association, EHop also at-
tenuated the increase in Racl-Nox2—-ROS signaling
(Fig. 3a—c). Since activation of Racl-Nox2—ROS signal-
ing in hyperglycemic milieu damages the mitochondria,
accelerating capillary cell death [4, 9], the effect of EHop
on the transcription of mtDNA-encoded Cytbh and cell
death was determined. As shown in Fig. 3 d and e, EHop
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Fig. 2 Effect of high glucose on Racl-Vav2. a GDI protein expression
was measured by western blot technique; the western blot image is
representative of three experiments b Co-localization of Racl with
Vav2 was evaluated by microscopy using Texas Red (red) conjugated
secondary antibody for Racl and Alexa Fluor 488 (green)-conjugated
secondary antibody for Vav2. Each experiment was done in three cell
preparations. NG and HG = normal and high glucose, respectively; L-
Glu = 20 mmol/L L-glucose *p <0.05 compared to NG and #p < 0.05
compared to HG

HG
EHop

prevented the decrease in the transcription of the Cytb gene
and attenuated the increase in cell death of cells exposed to
high-glucose conditions.

Animal Model

Consistent with our in vitro results, compared to age-
matched normal mice, Vav2 expression was increased by
50% in retinal microvessels from diabetic mice (Fig. 4a).
Administration of EHop, soon after induction of diabetes,
prevented activation of both Racl and Nox2 (Fig. 4b, ¢). In
the same diabetic mice, mitochondrial damage was also
prevented, as observed by amelioration of decrease in
mtDNA-encoded Cyzb expression in EHop-treated diabetic
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mice (Fig. 4d). The values obtained from EHop-treated
diabetic mice were significantly different from diabetic
mice without any treatment but were not different from
those obtained from age-matched normal control mice.

The effect of inhibition of Vav2 on the development of
diabetic retinopathy was confirmed by evaluating retinal
histopathology by counting the retinal capillaries that have
lost endothelial cells [29-31]; EHop administration
protected diabetic mice from the increase in acellular cap-
illaries and also prevented the increase in TUNEL-positive
capillary cells. The number of acellular capillaries and
TUNEL-positive capillary cells was over twofold higher
in diabetic mice without any treatment, compared to dia-
betic mice receiving EHop, or age-matched normal control
mice (Fig. 5a, b).

One of the hallmarks of diabetic retinopathy is the leakage
of their retinal vasculature [1]; the effect of EHop on vascular
integrity was determined by evaluating fluorescence dynam-
ics. As shown in Fig. 5 ¢, 10 min after administration of
fluorescein, compared to normal control mice, retinal vascu-
lature of diabetic mice showed leakage and significantly in-
creased fluorescein retention. These vascular abnormalities,
however, were not seen in diabetic mice receiving EHop.

Since diabetes also damages neurovascular cells [32], ame-
lioration in electrical responses by EHop was also determined.
EHop treatment prevented abnormalities in retinal function;
compared to age-matched normal mice, in EHop-treated dia-
betic mice, although the amplitudes of both a- and b-waves
were still lower at 3000 meds/m?, the values were significant-
ly higher compared to diabetic mice without any treatment
(Fig. 6a). Similar changes in the amplitudes were seen at
1000 and 10,000 meds/m”.

Loss of nonvascular cells results in the thinning of the
retinal layers [33]; our OCT results show that compared to
normal mice, diabetic mice had a decrease in the thickness
of GCL+IPL (72.63 £3.58 vs 63.83 £4.62 pm; p <0.05).
In accordance, the thickness of INL (23.88 +2.17 vs 21.00
+2.45 pum) and total retinal layers (225.63 +5.32 vs
209.67+9.27 um) were also significantly decreased
(p <0.05). However, treatment of diabetic mice with
EHop prevented the thinning of the retinal layers, and the
values obtained at 300 um away from the optic disc for
GCL+IPL, INL, and total retinal layers (70.75 +5.80,
24.14£2.12, and 223.63 £9.07 um, respectively) were
not different from those observed in normal mice
(p > 0.05; Fig. 6b).

Amelioration of diabetes-induced decrease in retinal layer
thickness by EHop was also confirmed in retinal cryosections.
As shown in Fig. 6 ¢, hematoxylin—eosin staining of the cryo-
sections showed decreased GCL/IPL thickness in diabetic
mice compared to their age-matched normal control mice,
and EHop-treated mice presented similar retinal layer thick-
ness as observed in age-matched normal control mice.
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Retinal Microvasculature from Human Donors

As seen in the experimental models (HRECs and mice),
FNTA expression (gene and protein) was increased in the
retinal microvasculature from human donors with document-
ed diabetic retinopathy, compared to their age-matched non-
diabetic donors (Fig. 7a). This increase in FNTA was accom-
panied by a significant decrease in GDI and increase in Vav2
in the retinal microvasculature from the same diabetic donors
(Fig. 7b, c).

Discussion

Diabetes is associated with many metabolic abnormalities
in the retina, and oxidative stress is increased in the retina
and in its vasculature [34-37]. While the increase in cy-
tosolic ROS is an early event in the development of dia-
betic retinopathy, as the duration of diabetes progresses,
the mitochondria are damaged and mitochondrial ROS
levels are also increased, initiating the apoptotic machin-
ery [25]. Our recent work has identified Nox2 activation

as one of the principal sources for increased cytosolic
ROS in the development of diabetic retinopathy [9, 16,
38]. We have shown that sustained activation of Racl,
one of the members of Nox2 holoenzyme, represents a
critical signaling step in Nox2 activation in diabetes, and
epigenetic modifications of Racl promoter regulate its
transcriptional activation [8, 9]. Covalent modifications
are critical in regulating functional activation of Racl by
modulating its binding with GEFs and GDIs [10-12]; our
results from in vitro and in vivo models demonstrate that
inhibition of prenylation prevents activation of Racl-—
Nox2 and mitochondrial damage. Furthermore, inhibition
of Vav2 attenuates Rac1-Nox2-ROS signaling and ame-
liorates the development of retinopathy in diabetic mice
and prevents associated functional and structural abnor-
malities. Retinal microvasculature from human donors
with diabetic retinopathy also yielded results consistent
with those obtained from experimental models of diabetic
retinopathy with decreased GDI levels and increased
FNTA and Vav2 levels, further supporting a role for
prenylation-dependent Vav2-mediated functional activa-
tion of Racl in diabetic retinopathy.
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Fig. 4 Effect of Vav2 inhibition a
on Racl-Nox2 activation in dia-
betic mice: Retinal microvessels
were prepared by the osmotic
shock method and a Vav2 ex-
pression was quantified by west-
emn blot technique. Activation of
b Racl and ¢ Nox2 were quanti-
fied by G-LISA and lucigenin-
enhanced chemiluminescence as-
say, respectively. d Cyth mRNA
was quantified by q-PCR. Values
are represented as mean + SD
from 6 to 7 mice in each group, L
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Racl is a Rho GTPase, and its interactions with p47-
phox are critical in promoting activation of Nox2. Racl,
like other G proteins, cycles between GDP-bound
(inactive) and GTP-bound (active) forms [10]. Several
mechanisms have been proposed for the regulation of
Racl in pathological states including overexpression of
GEFs, loss of negative regulators (e.g., GDIs or GAPs),
and post-translational modifications [10]. Racl has also
been shown to undergo a variety of post-translational mod-
ifications, including prenylation (geranylgeranylation),
palmitoylation, phosphorylation, and sumoylation
[12—15], and these modifications precisely regulate Racl
function, including its activation, subcellular distribution,
and interaction with effector proteins. Prenylation of Racl
is considered critical for its translocation to the membrane
and activation of its effector proteins, including Nox2 [39].
Our results show that siRNA-mediated knockdown of the
«-subunit of prenyltransferase significantly attenuates
glucose-induced Rac1-Nox2 activation in retinal endothe-
lial cells, suggesting the role of increased post-translational
prenylation of Racl in Nox2 activation—mitochondrial
damage. The role of prenylation in Racl activation in hy-
perglycemic milieu is further supported by increased
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D;ab Norm  Diab

EHop

Diab

FNTA expression in experimental models and also in reti-
nal microvessels from human donors with diabetic retinop-
athy. In further support of our current observations, a tem-
poral relationship between the onset of atherogenesis and
the expression of the key enzymes of the mevalonic acid
pathway, including HMG CoA reductase and protein
prenyltransferases, is reported in vascular smooth muscle
cells from streptozotocin-induced diabetic BALB/c mouse
model [40], suggesting that increased prenylation of Racl
in hyperglycemia, in part, may be due to increased expres-
sion of prenyltransferase.

Guanine nucleotide-dissociation inhibitors serve as
chaperones to transport Racl to the relevant subcellular
location, and maintain the inactive form of Racl by
preventing the dissociation of GDI [12, 41]. These inter-
actions between Racl and GDI are also facilitated by
post-translational modifications, and prenylation has been
shown to be a requisite for interactions between G pro-
teins and their GDIs and GEFs [39]. Here, we show that
diabetes decreases GDI expression and its association
with Racl. Furthermore, inhibition of FNTA ameliorates
Rac1-GDI association and prevents Racl-Nox2 activa-
tion. Together, these data raise an interesting possibility
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Fig. 5 Inhibition of Vav2 and a
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for additional regulatory roles of protein prenylation in
ameliorating the degradation of GDI, possibly by
ubiquitination or proteosomal degradation.

While GDIs maintain Racl-GDP interactions, specific
GEFs convert the inactive form of Racl to its active form
[10, 42]. Our previous study has shown that Tiam1 and
Sosl have a significant role in Racl-Nox2 activation in
diabetes, and NSC23766, an known inhibitor of Tiaml-
Racl, attenuates glucose-induced Rac1-Nox2—-ROS-apo-
ptosis in retinal endothelial cells [4]. A given G protein
can be modulated by multiple GEFs, and a recent study
has shown dual roles for Tiam1 and Vav2 in the regulation
of the Rac1-Nox2-ROS signaling pathway, suggesting
that, while Vav2 is essential for the attainment of the ac-
tive conformation of Racl (Racl-GTP), Tiam1 functions
as an adaptor in a polarity complex that directs localized
activation of Racl [11, 43]. Here, our data from in vitro
and in vivo models show that Vav2 is also involved in the
activation of Racl-Nox2; the expression of Vav2 is in-
creased in the retinal microvasculature in hyperglycemic

10 minutes

15 minutes

conditions, and inhibition of Vav2 by its pharmacological
inhibitor EHop, in addition to regulating Rac1-Nox2, pre-
vents mitochondrial damage.

Mitochondrial damage releases cytochrome C in the cy-
tosol activating the apoptotic machinery [44], and animal
models have clearly documented that apoptosis of capillary
cells precedes the development of histopathology charac-
teristic of diabetic retinopathy [26, 30]. Our results clearly
show that administration of EHop, soon after induction of
diabetes in mice, also prevents vascular changes associated
with diabetic retinopathy, and the number of acellular cap-
illaries in diabetic mice receiving EHop is similar to that in
normal control mice. Consistent with this, diabetic mice
receiving EHop have significantly lower number of
TUNEL-positive capillary cells. Since vascular permeabil-
ity is also considered as an early clinical sign of diabetic
retinopathy [1], diabetic mice receiving EHop show ame-
lioration of increased retinal vascular permeability, further
confirming the beneficial effects of Vav2—Rac1 inhibition
on the development of diabetic retinopathy.
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Fig. 6 Vav2 inhibition and amelioration of retinal neuronal functional
and structural defects in diabetic mice: a ERG was performed in dark-
adapted mice using a series of Ganzfeld flashes with intensities ranging
from 100 to 25,000 mcds/m>. A representative ERG response at
1000 meds/m? from one mouse in each group, and amplitudes of a- and
b-waves are represented as % normal, the values obtained from diabetic
mice were considered as 100%. b OCT was performed using an OCT
module of the Micron IV retinal imaging system. ¢ Retinal cryosections
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(8 um) were stained with hematoxylin and eosin, and the images were
analyzed using ImageJ software. Each image is representative of 5 or
more mice in each group. Each histogram has values from 5 to 7
mice/group, with values represented as mean + SD; *p <0.05 and
#p <0.05 compared with normal and diabetes, respectively. Norm and
Diab = normal and diabetic mice, respectively; Diab+EHop = diabetic
mice receiving EHop
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Fig. 7 Modulators of Racl
activation in the retinal
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Nonvascular cells are also damaged in diabetic retinopathy,
and defects in ERG and neuronal cell apoptosis/thinning of
the retinal layers are observed before vascular pathology [32,
45]. Our results show that EHop administration also protects
structural and functional abnormalities in the retinal nonvas-
cular cells; the ERG signals are better in EHop-treated diabetic
mice compared to untreated diabetic mice, and the thinning of
their retinal layers is prevented. How regulation of Vav2—Racl
helps in maintaining retinal nonvascular cells and their func-
tional alterations in diabetes needs further investigation.

DR

Based on the data accrued from experimental models
(in vitro and in vivo), and the key parameters confirmed in
retinal microvessels from human donors with diabetic retinop-
athy, we propose that in diabetes, Racl prenylation and its
interactions with GDI and Vav2 contribute to the activation
of Racl-Nox2-ROS. The mitochondria are damaged, ulti-
mately leading to the development of retinopathy.
Fortunately, synthetic isoprenoids targeting prenylation are
being tested for breast cancer cell invasion [46] and a new
class of thienopyrimidine-based bisphosphonate inhibitors

@ Springer
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for multiple myeloma cells [47]. Regulation of Vav2 prevents
diabetes-induced retinal structural and functional damage and
protects the retinal vasculature from being leaky and undergo-
ing accelerated capillary cell loss, suggesting that Vav2 could
be one of the important GEFs involved in sustained activation
of Racl-Nox2 and the development of diabetic retinopathy.
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