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Abstract

Aims/hypothesis—In diabetes, increased retinal oxidative stress is seen before the
mitochondria are damaged. Phagocyte-like NADPH oxidase-2 (NOX2) is the predominant
cytosolic source of reactive oxygen species (ROS). Activation of Ras-related C3 botulinum toxin
substrate 1 (RAC1), a NOX2 holoenzyme member, is necessary for NOX2 activation and ROS
generation. In this study we assessed the role of T cell lymphoma invasion and metastasis
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(TIAML), a guanine nucleotide exchange factor for RACL, in RAC1 and NOX2 activation and the
onset of mitochondrial dysfunction in in vitro and in vivo models of glucotoxicity and diabetes.

Methods—RAC1 and NOX2 activation, ROS generation, mitochondrial damage and cell
apoptosis were quantified in bovine retinal endothelial cells exposed to high glucose
concentrations, in the retina from normal and streptozotocin-induced diabetic rats and mice, and
the retina from human donors with diabetic retinopathy.

Results—High glucose activated RAC1 and NOX2 (expression and activity) and increased

ROS in endothelial cells before increasing mitochondrial ROS and mitochondrial DNA

(mtDNA) damage. N6-[2-[[4-(diethylamino)-1-methylbutyl]amino]-6-methyl-4-pyrimidinyl]-2-
methyl-4,6-quinolinediamine, trihydrochloride (NSC23766), a known inhibitor of TIAM1-RAC1,
markedly attenuated RAC1 activation, total and mitochondrial ROS, mtDNA damage and cell
apoptosis. An increase in NOX2 expression and membrane association of RAC1 and p47Phox
were also seen in diabetic rat retina. Administration of NSC23766 to diabetic mice attenuated
retinal RAC1 activation and ROS generation. RAC1 activation and p47P"°X expression were also
increased in the retinal microvasculature from human donors with diabetic retinopathy.

Conclusions/interpretation—The TIAM1-RAC1-NOX2 signalling axis is activated in the
initial stages of diabetes to increase intracellular ROS leading to mitochondrial damage and
accelerated capillary cell apoptosis. Strategies targeting TIAM1-RAC1 signalling could have the
potential to halt the progression of diabetic retinopathy in the early stages of the disease.

Keywords
Diabetic retinopathy; Mitochondrial dysfunction; NOX2; RAC1; TIAM1

Introduction

Diabetic retinopathy is a multi-factorial disease, and the pathogenesis of this slow-
progressing disease remains unclear. Many metabolic abnormalities, including activation
of the polyol pathway, protein kinase C, increase in oxidative stress and formation of
advanced glycation end-products, are implicated in its development [1, 2]. We reported
that an increase in oxidative stress in the retina and its capillary cells is observed before
mitochondria become dysfunctional and apoptosis is accelerated [3, 4]. Mitochondrial
superoxide radicals are considered to act as a common connection between the pathways
triggered by hyperglycaemia, which induce vascular damage in diabetic complications
including retinopathy [5]. However, the source of increased reactive oxygen species (ROS)
in the retina, seen before mitochondrial damage, remains to be identified.

In addition to mitochondria as a potential source of ROS, superoxide radicals are also
generated by NADPH oxidases (NOXSs) and recent evidence implicates the phagocyte-like
NOX2 in the generation of ROS, leading to cellular damage and apoptosis [6-9]. NOX2

is a multi-protein complex with gp91P"°X and p22PhoX representing the membranous core
and p47PhoX p4QPhoX nG7PNoX and ras-related C3 botulinum toxin substrate 1 (RAC1) as the
cytosolic core (Fig. 1). Cellular activation leads to translocation of the cytosolic core to the
membrane for association with the membranous core for assembly of the holoenzyme and
catalytic activation of NOX2. RAC1 activation also leads to its association with p67Phox,

Diabetologia. Author manuscript; available in PMC 2023 July 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kowluru et al.

Methods

Page 3

triggering the translocation of RAC1-p67P1°X complex to the membrane [10]. However,
putative cellular mechanisms underlying RAC1 activation in the diabetic retina remain to be
defined.

Most small G-proteins, including RAC1, undergo stimulus-specific activation—deactivation
cycles during regulation of cell function. RACL is active in its GTP-bound conformation and
returns to the GDP-bound inactive conformation following hydrolysis of GTP to GDP by its
intrinsic GTPase activity. Furthermore, the activation—deactivation cycles of G-proteins are
under the control of regulatory proteins/factors. For example, guanine nucleotide exchange
factors (GEFs) mediate GDP/GTP exchange, while the GTPase functions are modulated by
GTPase-activating proteins (GAPs). Several GEFs (T cell lymphoma invasion and metastasis
[TIAM1], the ‘onc F’ proto-oncogene [VAV2] and triple functional domain protein [Trio])
are known to mediate RAC1 activation [11-13]. We recently identified TIAML1 as the
candidate GEF for the activation of RACL1 in triggering the dysfunction and apoptosis of
pancreatic beta cells under the duress of high glucose, lipids and proinflammatory cytokines
[8, 14-16]. The role of the TIAM1-RACL axis in the regulation of retinal NOX2 in the
pathogenesis of diabetic retinopathy remains to be elucidated.

Based on evidence suggesting a causal role for hyperglycaemia-induced oxidative stress in
the onset of mitochondrial dysfunction in the development of diabetic retinopathy [3, 4,
17, 18], we undertook the current study to assess the role of the TIAM1-RAC1-NOX2
signalling axis in ROS generation before the onset of mitochondrial damage. Using in
vitro (bovine retinal endothelial cells) and in vivo (rodent) models of diabetic retinopathy,
we established temporal relationships between diabetes-induced TIAM1-RAC1-NOX2
activation, mitochondrial dysfunction and cell apoptosis.

Bovine retinal endothelial cells

Endothelial cells were isolated from calf retina. Cells from the fifth to the sixth

passage were incubated in DMEM containing 2% heat-inactivated fetal bovine serum,
10% Nu-serum, 50 ug/ml heparin, 1 pg/ml endothelial growth factor and antibiotic/
antimycotic for 3-96 h in 5 or 20 mmol/l glucose in the absence or presence

of 20 umol/l N6-[2-[[4-(diethylamino)-1-methylbutyl]amino]-6-methyl-4-pyrimidinyl]-2-
methyl-4,6-quinolinediamine, trihydrochloride (NSC23766; Calbiochem-EMD Millipore,
Billerica, MA, USA). Cells incubated in mannitol instead of glucose served as osmotic
controls [3, 19-21].

Rats and mice

Male Wistar rats (200-220 g, 6-8 weeks old) obtained from Harlan laboratories
(Indianapolis, IN, USA) were rendered diabetic by streptozotocin (55 mg/kg body weight).
To allow slow weight gain while maintaining hyperglycaemia (blood glucose levels of 20-25
mmol/l), a small dose of insulin (1-2 U; Humulin N; Lilly, IN, USA) was administered three
to five times each week. Two months after induction of diabetes, the rats were killed by an
overdose of pentobarbital (120 mg/kg) and the retina were isolated [3, 20].
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Male C57BL/6J mice (~20 g, 6—7 weeks old) obtained from Jackson Laboratory (Bar
Harbor, ME, USA), were rendered diabetic by streptozotocin injection (55 mg/kg) for 5
consecutive days [22, 23]. Those mice presenting with a blood glucose concentration of

14 mmol/l or higher, 1 day after the last injection of streptozotocin, were considered to

be diabetic. A group of diabetic mice was administered NSC23766 (2.5 mg kg™! day™1,

i.p.) soon after establishment of diabetes. The mice were killed 2 weeks after initiation of
NSC23766 treatment by carbon dioxide asphyxiation and the retina was isolated under a
dissecting microscope and frozen immediately in liquid nitrogen. Age-matched normal mice
served as controls.

The treatment of the animals conformed to the Association for Research in Vision and
Ophthalmology Resolution on the Use of Animals in Research, and institutional guidelines.

Human retinal microvessels

ROS

Retinas were isolated from human post-mortem eyes (obtained from Midwest Eye Banks,
IL, USA), and a small portion of each retina (~5 mm?2) was incubated in 10 ml distilled
water for 1 h at 37°C. This was followed by incubation with DNAse to remove neural and
glial cells [24, 25]. The debris was cleaned from the vasculature under a microscope by
repetitive inspiration and ejection through a Pasteur pipette and cleaned vasculature was
used for analysis. Donors with established retinopathy (5477 years of age) had diabetes
of 10-30 years’ duration, and non-diabetic donors (55-77 years of age) served as controls
(Table 1).

These studies were conducted according the guidelines established by the US Department of
Health and Human Services/NIH and approved by Wayne State University.

Total ROS levels were quantified fluorometrically using 2”,7”-dichlorofluorescein diacetate
(DCHFDA; Sigma-Aldrich, St Louis, MO, USA). Briefly, 5-10 ug of protein (endothelial
cells or retina) was incubated with 2 pmol/l of DCHFDA for 10 min and the resultant
fluorescence was measured at 485 nm and 530 nm as excitation and emission wavelengths,
respectively [20].

Mitochondrial ROS

Mitochondrial ROS were quantified in bovine retinal endothelial cells using MitoTracker
Red (CM-H2XROS; Invitrogen, Pierce, Rockford, IL, USA), a mitochondria-selective dye
that emits fluorescence when oxidised. At the end of the desired treatment, the cells were
incubated with 400 nmol/l MitoTracker Red for 30 min and washed with PBS, followed by
quantification of ROS at 579 nm (excitation) and 599 nm (emission) wavelengths [23, 26].

NOX2 activity

NOX2 activity was measured in cell homogenates (10 pg protein) by luminescence assay
[27] using 20 pmol/I lucigenin as electron acceptor and 100 pmol/l NADPH. Specificity of
NOX2 activation was determined by adding 0.2 mmol/l apocynin or 2.5 pmol/l gp91ds-tat
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peptide (or its inactive scrambled peptide) (AnaSpec, Fremont, CA, USA) in the assay
medium [28].

RAC1 activation assay

RAC1 activation was determined by the pull-down assay kit (Cytoskeleton, Denver, CO,
USA) and the relative amount of activated RAC1 (RAC1-GTP) was quantified by western
blotting and densitometry [29, 30]. RAC1 activation in human retinal microvessels was
quantified using a G-LISA (Cytoskeleton).

Translocation and membrane association of RAC1 and p47Phox

Total membrane and soluble fractions were isolated from homogenates of bovine retinal
endothelial cells or rat retinas by a single-step centrifugation method [28, 29] and

the relative abundance of RAC1 and p47P"°X was quantified by western blotting and
densitometry.

Isolation of mitochondria

Mitochondria were isolated using the Mitochondria Isolation kit from Invitrogen. These
preparations are relatively free of other subcellular contaminants[23].

Mitochondrial dysfunction

Movement of BCL-2-associated X protein (BAX) into the mitochondria was estimated by
western blot technique using COX 1V as a loading standard [3, 19, 20].

Mitochondrial DNA damage

Mitochondrial DNA (mtDNA) damage was assessed by isolating total DNA using a DNeasy
blood and tissue kit (Qiagen, Valencia, CA, USA), followed by performing extended-length
PCR by amplifying long and short regions of mtDNA. The intensity of PCR gel photographs
was measured using Un-Scan-It Gel digitising software, and the ratio of the long (13.4 kb) to
short fragment (210 bp) of PCR amplicons was calculated. A decrease in the ratio of long to
short amplicons indicated damage to the mtDNA [19, 20].

Mitochondrial DNA copy number

The mitochondrial DNA copy number was estimated by quantifying the genomic DNA
levels of mtDNA-transcribed COX2, and normalising them with that of g-actin [31].

RNA isolation and gene expression

After extracting total RNA by Trizol reagent (Invitrogen, Grand Island, NY, USA), 1 ug
RNA was used for cDNA preparation using the High Capacity cDNA reverse transcription
kit (Applied Biosystems, Foster City, CA, USA). The expression of genes encoding NOX2,
RAC1 and p47P"X was measured by SYBR green-based quantitative real-time PCR (qQPCR)
with melting curve analysis on ABI 7500. B-Actin was used as a housekeeping gene, and
the transcript quantification was performed using the AAC; method [23, 24, 26, 31]. Primers
used are listed in electronic supplementary material (ESM) Table 1.
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Capillary cell apoptosis

Apoptosis was quantified by ELISA using the Cell Death Detection ELISAPLYS kit from
Roche Diagnostics (Indianapolis, IN, USA). The mono- and oligonucleosomes generated
from the apoptotic cells were quantified using monoclonal antibodies directed against DNA
and histones, respectively, and the absorbance generated by the incubation with 2,2”-azino-
di-(3-ethylbenzthiazoline sulfonate) diammonium salt was measured at 405 nm [23].

Statistical analysis

Results

Statistical analysis of experimental data was carried out using Sigma Stat software (Jandel
Scientific Corporation, San Rafael, CA, USA, Version 1.0). Data are expressed as means

+ SD. The Shapiro—Wilk test was used to test for normal distribution of the data and for
variables with normal distribution; Student’s ¢test was used for comparing two groups and
analysis of variance followed by Bonferroni’s test was applied for multiple groups. For data
that did not present normal distribution, the Mann—-Whitney Utest was used to compare two
groups. A pvalue of <0.05 was considered statistically significant.

Glucose-induced activation of NOX2 precedes mitochondrial damage, and its regulation by
the TIAM1-RAC1 pathway

Incubation of bovine retinal endothelial cells with high glucose (20 mmol/l) increased

total ROS levels by ~50% at 3 h and by over twofold at 24-96 h of glucose exposure
compared with cells incubated in normal glucose (5 mmol/l). Incubation of cells with

20 mmol/l mannitol (96 h) as an osmotic control did not increase ROS levels (Fig. 2a).
RAC1 undergoes activation—deactivation cycles for optimal regulation of cell function, and
GTP loading onto RAC1 is facilitated by GEFs. Since TIAML1 is one of the known GEFs
for RAC1, we assessed its role in glucose-induced mitochondrial dysregulation and cell
apoptosis using NSC23766, a specific inhibitor of the TIAM1-RAC1 axis [13]. NSC23766
significantly inhibited total ROS levels in endothelial cells within 3 h of glucose exposure
(Fig. 2a). However, NSC23766 did not affect basal ROS levels seen in retinal endothelial
cells incubated with 5 mmol/l glucose (96 h; Fig. 2a).

In contrast to total ROS levels, glucose exposure for up to 24 h did not significantly

affect mitochondrial ROS generation. However, at 48 h the mitochondrial ROS levels were
elevated by ~150% and remained elevated after 96 h of high glucose insult (Fig. 2b). In
cognate cellular preparations, mtDNA damage and copy number were not affected until 96
h of exposure to high glucose; the damage to the mtDNA was 50% higher (as indicated by
decrease in the relative amplification ratio of 13.4 kb and 210 bp amplicons) and the copy
number was ~30% lower compared with the cells incubated in normal glucose (Fig. 2c, d).
NSC23766 also prevented increase in mitochondrial ROS levels at 96 h of high glucose
insult (Fig. 2b). Similarly, the high-glucose-induced mtDNA damage and decrease in its
copy number were prevented by NSC23766 (Fig. 2c, d). It is noteworthy that protection
against high-glucose-induced mitochondrial defects by NSC23766 resulted in values higher
than the control, suggesting a significant role for TITAM1-RACL1 in high-glucose-mediated
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damage to mitochondria. Cells incubated in normal glucose for 3-96 h had similar levels of
total and mitochondrial ROS and mtDNA damage (data not shown).

NSC23766 prevents glucose-induced activation of RAC1, NOX2 and mitochondrial
dysfunction in retinal endothelial cells

Data shown in Fig. 3a demonstrate an approximately twofold stimulation in NOX2 activity
in retinal endothelial cells within 3 h of high glucose exposure. At 24 h, the activation was
increased threefold and the increase persisted up to 96 h compared with cells incubated in
normal glucose. NOX2 activity in cells incubated with normal glucose for 3-96 h remained
unaffected (not shown). High-glucose-induced NOX2 activity was attenuated by gp91ds-tat
peptide, a specific inhibitor of NOX2 [28], but not by its inactive scrambled peptide,
suggesting that high glucose specifically regulates NOX2 activity (Fig. 3b). NSC23766
elicited significant inhibitory effects on high-glucose-induced NOX2 activation, further
confirming the role of TIAM1-RAC1 in this signalling step (Fig. 3b). High glucose
exposure also increased the expression of NOX2 (Fig. 3c). Together, our findings suggest
that NOX2 activation triggers mitochondrial dysfunction.

Since the activation of RACL1 is necessary for NOX2-mediated ROS generation, it

was quantified in retinal endothelial cells incubated with high glucose for 3-96 h. A
representative western blot (pull-down assay) demonstrating glucose-induced activation of
RAC1 at 3 and 24 h is shown in Fig. 3d. Pooled data from multiple studies (Fig. 3e)
suggested that RAC1 was activated by 50% within 3 h of high glucose exposure and that
this increased activity persisted up to 96 h. Duration of incubation had no effect on RAC1
activation in cells incubated in normal glucose (not shown). NSC23766-mediated inhibition
of increase in ROS in high glucose conditions (as shown in Fig. 2a) was accompanied by
attenuation of glucose-induced activation of RAC1 (Fig. 3e).

NSC23766 prevents high glucose-induced apoptosis in bovine retinal endothelial cells

As we reported earlier [3], although an increase in apoptosis was not observed during

the initial stages of glucose insult, apoptosis was approximately threefold higher following
exposure of retinal endothelial cells to glucose for 96 h (Fig. 4). Based on these data, we
conclude that high glucose promotes activation of NOX2 in retinal endothelial cells as early
as 3 h, but mitochondrial dysfunction is not observed until the duration is extended to 96

h. Consistent with this, glucose-induced apoptosis of retinal capillary cells was inhibited

by NSC23766 (Fig. 4), thus providing the first evidence for the involvement of the TIAM1-
RAC1-NOX2 signalling cascade in glucose-induced mitochondrial dysregulation and cell
death.

Nox2 expression and membrane association of RAC1 and p47P"°X are increased in the
retina from diabetic rats

Data shown in Fig. 5a demonstrate significant increase in the expression of retinal Mox2in
diabetic rats. Since translocation of the cytosolic core to the membrane fraction is necessary
for NOX2 holoenzyme assembly and activation (Fig. 1), we determined association of RAC1
and p47Pho% with the membrane fraction in retina from control and streptozotocin-induced
diabetic mice (2 months of duration of diabetes). Data shown in Fig. 5b demonstrate a
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significant increase in membrane-bound RAC1 and p47P"°X in the diabetic rats compared
with the control rats. There was almost a threefold increase in membrane-bound RAC1

in bovine retinal endothelial cells incubated with high glucose (24 h; not shown). These
findings suggest increased translocation of the cytosolic core of NOX2 to the membrane
fraction under the duress of high glucose conditions in vitro and diabetic conditions in vivo.

NSC23766 prevents ROS generation and RACL1 activation in diabetic mice

To further validate our hypothesis, we quantified RAC1 activation, ROS levels and
mitochondrial damage in the retina of diabetic mice following treatment with NSC23766.
Consistent with our in vitro findings in bovine endothelial cells, retinal RAC1 was activated
by 35% within 15 days of diabetes onset (Fig. 6a); this was accompanied by an increase

in total ROS levels by over 90% (Fig. 6b). However, mitochondrial dysfunction was not
observed at this duration as demonstrated by comparable levels of BAX in the retinal
mitochondria from control and diabetic mice (Fig. 6¢). Administration of NSC23766
ameliorated increase in RAC1 activation and ROS generation (Fig. 6a, b).

Racl is activated in the retinal microvasculature of human donors with diabetic

retinopathy

To transition from the in vitro and animal models to the human disease, retinal microvessels
from non-diabetic donors and those with diabetic retinopathy were analysed. As shown

in Fig. 7, retinal microvessels from donors with diabetic retinopathy had significantly

high levels of NOX2 expression, over 50% more active (GTP-bound) RAC1 and a more
than 2.5-fold increase in RACZ mRNA compared with the non-diabetic controls. Similarly,
p47PNoX expression (protein and MRNA levels), was also elevated by 40-70% in the retinal
microvasculature of diabetic individuals (Fig. 7), suggesting upregulation of the members of
NOX2 holoenzyme in diabetic retinopathy.

Discussion

The main objective of the current study was to investigate the regulatory role of NOX2

in glucose-induced metabolic dysfunction of the retinal capillary cells. We used in vitro

as well as in vivo models to accomplish this goal. We made the following observations:

(1) high glucose activates the NOX2 signalling cascade including the expression,
activation and membrane association of RAC1 and p47Pho%; (2) NOX2 activation is seen
before mitochondria are damaged; (3) pharmacological inhibition of TIAML1 significantly
attenuates high-glucose-mediated RAC1 activation, mitochondrial ROS generation and cell
apoptosis; (4) diabetes-induced increase in total ROS and RAC1 activation in the retina
can be prevented by administration of NSC23766 in mice and (5) the retinal vasculature
from human donors with diabetic retinopathy exhibit increased expression and activation
of RAC1 and p47P"°X_ Thus, our findings provide the first evidence to indicate that TIAM1—-
RAC1-mediated NOX2 activation is an early signalling event in increasing cytosolic ROS,
which in turn triggers mitochondrial damage leading to cell apoptosis and the onset of
diabetic retinopathy.
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NOX2, a phagocytic enzyme, is also found in non-phagocytic cells, including vascular
endothelial cells, smooth muscle cells and pancreatic islet p cells [8, 32, 33].

Our recent findings in islet § cells demonstrated that the NOX2 pathway promotes

islet dysfunction under glucolipotoxic conditions by increasing oxidative stress and
mitochondrial dysregulation [14, 34]. In endothelial cells, NOX2 has been identified as

one of the major sources of ROS production and, at a molecular level, endothelial NOX is
analogous to NOX2 complex [35, 36]. In the retina, NOX2 is present in endothelial cells
and in pericytes, the two cell types that are the main target of pathology associated with
diabetic retinopathy [27, 36-38], and in retinal endothelial cells ischaemia increases the
expression of the catalytic subunit, gp91Ph% [27]. A key role for mitochondria in increased
retinal ROS levels in diabetes has also been demonstrated [3-5]. NOX2 is also implicated in
increased ROS production, which can be prevented by the deletion of NOXZ2 or treatment of
mice with apocynin [27, 38, 39]. Furthermore, in the pathogenesis of diabetic retinopathy,
NOX2 is primarily related to retinal vascular inflammation as NOX2-mediated activation

of signal transducer and activator of transcription 3 is shown to increase levels of vascular
endothelial growth factor and break down the blood-retina barrier [38, 40-42]. Our current
findings demonstrate that NOX2-mediated increase in ROS in diabetes is an early event,
which precedes mitochondrial ROS production, and that inhibition of NOX2 attenuates
mitochondrial damage and capillary cell apoptosis.

Activation—deactivation of RAC1 is under the control of GEFs and GAPs. TIAM1 represents
the GEF for RAC1 activation and downstream signalling events, including NOX2 activation,
mitochondrial dysfunction and cell apoptosis, in pancreatic B cells incubated with high
glucose, lipids and proinflammatory cytokines [14, 15, 43]. Our current findings imply that
TIAML1 has a regulatory role in glucose-induced RAC1 and NOX2 activation, mitochondrial
ROS generation and cell apoptosis. Our in vivo model, showing that NSC23766 treatment of
diabetic mice largely restores RACL1 activation and ROS generation to normal levels, further
implicates TIAM1 in the RAC1 activation mechanism.

The role of RAC1-mediated NOX2 activation and cellular dysfunction has been reported

in the diabetic heart and kidney. Increased RAC1 expression and NOX2 activity are seen

in the heart within 7 days of induction of streptozotocin-induced diabetes in rodents, and
gene silencing of Racl significantly inhibits these abnormalities, suggesting a regulatory
role for RAC1 in NOX2 activation. Treatment of ab/db mice with NSC23766 inhibits
NOX2 activity and cell apoptosis, leading to partial restoration of myocardial function.
Pharmacological inhibition by NSC23766 or overexpression of inactive mutants of gp91Phox
and p47PhX prevents glucose-induced damage to cardiomyocytes [44, 45]. Thus, these
findings in cardiac myocytes [44, 45] and in pancreatic f cells [8, 14-16] are consistent
with our current findings in the retina demonstrating the role of the TIAM1-RAC1 axis in
glucose-induced NOX2 activation, ROS generation and cell apoptosis. To further support the
role of RACL in diabetic retinopathy, our results clearly demonstrate that RACL1 is activated
in the retinal microvasculature, the site of histopathology, obtained from human donors with
diabetic retinopathy. Data presented here, and published work from other laboratories [16,
36, 46, 47], demonstrate that RAC1 activation leads to mitochondrial damage.
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We conclude that hyperglycaemic conditions promote the activation of the TIAM1-

RAC1 signalling module during early stages of diabetic retinopathy, which leads to the
activation of NOX2 and an associated increase in intracellular ROS. This, in turn, damages
mitochondria resulting in cell apoptosis and the development of diabetic retinopathy. Once
the mtDNA is damaged, it initiates the vicious cycle of ROS generation [20], and breaking
of this vicious cycle could be a daunting task. Thus, strategies to inhibit TIAM1-RAC1
signalling in particular and NOX2 activation in general to achieve the desired levels of
inhibition of this signalling pathway could have potential to inhibit the development and
progression of retinopathy in the early stages of the disease, and eventually spare diabetic
patients from losing their sight as a result of this devastating disease.
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Abbreviations

BAX BCL-2-associated X protein

DCHFDA 2’,7’-Dichlorodihydrofluorescein diacetate

GAPs GTPase-activating proteins

GEFs Guanine nucleotide exchange factors

MtDNA Mitochondrial DNA

NOX NADPH oxidase

gPCR Quantitative real-time PCR

RAC1 Ras-related C3 botulinum toxin substrate 1

ROS Reactive oxygen species

TIAM1 T cell lymphoma invasion and metastasis
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Basal Active NOX

O

Cytosolic core Activation and translocation

Fig. 1.
Schematic representation of NOX2 activation. The NOX2 holoenzyme consists of cytosolic

and membranous core components. Upon activation, the cytosolic core translocates and
associates with the membranous core to complete NOX2 holoenzyme assembly, resulting in
its activation and generation of ROS
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Fig. 2.

Glucose-induced mitochondrial damage in bovine retinal endothelial cells follows increase
in cytosolic ROS. Cells were incubated with glucose for 3-96 h in the absence or presence
of NSC23766 as indicated. (a) Total ROS levels were quantified fluorometrically. (b)
Mitochondrial ROS levels were quantified fluorometrically using MitoTracker Red. (c)
mtDNA damage was assessed by extended-length PCR by using primers for the long

and short regions of mtDNA (see Methods). (d) mtDNA copy number was estimated by
quantification of COXZ2levels and normalised to p-actin. Each measurement was made in
duplicate in three or more cell preparations. Values are expressed as mean + SD of three to
four different experiments; values obtained from cells in 5 mmol/l glucose are considered
as 100%. *p<0.05 compared with 5 mmol/l glucose; Tp<0.05 compared with 20 mmol/I

glucose (no NSC23766)
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Fig. 3.

Time course of NOX2 and RACL1 activation in bovine retinal endothelial cells exposed

to high glucose. Cells were incubated in 5 or 20 mmol/l glucose for 3-96 h. (a) Apocynin-
sensitive NOX2 activity was measured by luminescence assay and is expressed as arbitrary
units (AU). (b) Inhibition of glucose-induced NOX2 activity by gp91ds-tat peptide or
NSC23766. (c) NOX2 mRNA levels assessed by SYBR green-based gPCR. (d) RAC1
activation (150 pg protein) was determined by pull-down assay. (e) Quantification of RAC1
activation [8, 11] in retinal endothelial cells incubated with low and high glucose in the
absence or presence of NSC23766 as indicated. *p<0.05 vs 5 mmol/l glucose;Tp<0.05 vs 20

mmol/l glucose (no NSC23766)
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Fig. 4.

NgC23766 prevents glucose-induced accelerated apoptosis of retinal endothelial cells.
Apoptosis was quantified by ELISA using the Cell Death Detection ELISAPLYS kit. Cells
incubated in 5 mmol/I glucose (control), and the values obtained from those cells, are set at
100%. The results are represented as mean = SD of three or more experiments, with each
measurement made in duplicate. *p<0.05 vs 5 mmol/l and Tp<0.05 vs 20 mmol/I glucose (no
NSC23766)
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Fig. 5.

Increased Nox2expression and translocation and membrane association of RAC1 and
p47PhoX in retina from diabetic rats. () Mox2 mRNA level was quantified in retina by qPCR
using p-actin as housekeeping protein. (b) Retinal lysates were subjected to a single-step
centrifugation to separate the total particulate and soluble fractions. Relative abundance

of RAC1 and p47P"°X was quantified by western blotting followed by densitometry, and
expressed as membrane:cytosol ratio. The results are represented as mean + SD from four
or five rats in each group. Norm, non-diabetic (normal) rats; Diab, diabetic rats. *p<0.05 vs
normal
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Fig. 6.

NSC23766 administration protects mouse retina from diabetes-induced ROS generation and
RAC1 activation. Retina from diabetic mice, administered with or without NSC23766 (as
indicated in Methods) was analysed. RACL1 activation (a), total ROS levels (b) and BAX
translocation into the mitochondrial fraction (c) were quantified as described in the Methods.
The values are presented as mean+SD and each measurement was made in duplicate in five
or six mice per group, and the values from normal mice (Norm) are considered as 100%.
Diab, diabetic mice; NSC, NSC23766. *p<0.05 vs normal; Tp<0.05 vs diabetes
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Protein mRNA

Expression of NOX2 and p47Ph°% and RAC1 activation are increased in the retinal
microvasculature from human donors with diabetic retinopathy. Microvessels from the retina
of diabetic individuals with documented retinopathy (Diab) and age-matched non-diabetic
individuals (Norm) were analysed for expression of NOXZ (a), RAC1 activation (RAC1-
GTP) and mRNA levels (b) and p47PhoX expression (protein and mRNA levels) (c). Each
measurement was performed in duplicate in the retinal microvessels from non-diabetic and

diabetic donors (r7=4 each). *p<0.05 vs non-diabetic donors
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Table 1

Characteristics of non-diabetic and diabetic human retina donors

Donor type

Age (years)

Duration of diabetes (years) Cause of death

Donors with diabetic retinopathy 75

Non-diabetic donors

54
69
75
57
70
77
55

12
10
10
30

Pulmonary oedema
Congestive heart failure
Respiratory failure
Myocardial infarction
Myocardial infarction
Stroke

Myocardial infarction

Subarachnoid haemorrhage
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