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PURPOSE. Although hyperglycemia is the main instigator in the development of diabetic
retinopathy, dyslipidemia is also considered to play an important role. In the pathogenesis of
diabetic retinopathy, cytosolic NADPH oxidase 2 (Nox2) is activated before retinal
mitochondria are damaged. Our aim was to investigate the effect of lipids in the development
of diabetic retinopathy.

METHODS. Reactive oxygen species (ROS, by 20,70-dichlorofluorescein diacetate) and activities of
Nox2 (by a lucigenin-based method) and Rac1 (by G-LISA) were quantified in retinal endothelial
cells incubated with 50 lM palmitate in 5 mM glucose (lipotoxicity) or 20 mM glucose
(glucolipotoxicity) for 6 to 96 hours. Mitochondrial DNA (mtDNA) damage was evaluated by
extended-length PCR and its transcription by quantifying cytochrome b transcripts.

RESULTS. Within 6 hours of exposure of endothelial cells to lipotoxicity, or glucotoxicity (20 mM
glucose, without palmitate), significant increase in ROS, Nox2, and Rac1 was observed, which
was exacerbated by glucolipotoxic insult. At 48 hours, neither lipotoxicity nor glucotoxicity
had any effect on mtDNA and its transcription, but glucolipotoxicity significantly damaged
mtDNA and decreased cytochrome b transcripts, and at 96 hours, glucotoxicity and
glucolipotoxicity produced similar detrimental effects on mitochondrial damage.

CONCLUSIONS. Although during initial exposure, lipotoxic or glucotoxic insult produces similar
increase in ROS, addition of lipotoxicity in a glucotoxic environment further exacerbates ROS
production, and also accelerates their damaging effects on mitochondrial homeostasis. Thus,
modulation of Nox2 by pharmacological agents in prediabetic patients with dyslipidemia
could retard the development of retinopathy before their hyperglycemia is observable.
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Diabetes, a major systemic chronic disease, is the leading
cause of acquired blindness in young adults. Although

hyperglycemia is the main instigator of its micro- and macro-
vascular complications, more than 80% of diabetic patients also
present elevated triglycerides, and dyslipidemia also is consid-
ered as one of the major contributors associated with the
development/progression of diabetic retinopathy.1,2 The Land-
mark Diabetes Control and Complications Trial has shown that
the severity of retinopathy is associated with increasing serum
triglycerides.3 Although a recent clinical epidemiological study,
examining the long-term relationships between serum choles-
terol and high-density lipoproteins and the incidence and
prevalence of proliferative diabetic retinopathy, has revealed a
modest association between these lipids and proliferative
diabetic retinopathy,4 regulation of triglycerides by fenofibrates
in type 2 diabetic patients is shown to reduce its laser
intervention.5,6 Experimental studies using in vitro and in vivo
models have demonstrated that saturated free fatty acids induce
apoptosis of retinal microvascular cells, and the administration
of a docosahexaenoic acid-rich diet to type 2 diabetes animals
prevents retinal inflammation and vascular pathology.7–11

In the pathogenesis of diabetic retinopathy, retinal metab-
olism is impaired, and oxidative stress is increased.12,13 Recent
studies have shown that, in addition to increased production of
mitochondrial superoxide by diabetic milieu, cytosolic reactive
oxygen species (ROS) are also increased in the retina, and this
cytosolic ROS production is mainly mediated by nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase-2
(Nox2).14,15 Nox2, a complex enzyme, has both membrane
and the cytosolic components, including a small molecular
weight GTP-binding protein Rac1, which helps in the
membrane stability of its holoenzyme.15–17 Previous studies
have shown that lipids also activate Nox218,19; however, the
role of lipids in accentuating the effect of Nox2 activation in
diabetic retinopathy remains unclear.

Progression of diabetic retinopathy is a slow process, and
hyperglycemic insult activates Nox2-Rac1 module during the
early stages of the disease, which elevates ROS. These cytosolic
ROS serve as a trigger to damage the mitochondria, resulting in
mitochondrial dysfunction and accelerating the capillary cell
apoptosis, which precedes the development of histopathology
characteristic of diabetic retinopathy.15,20–22 The role of
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increased lipids (lipotoxicity) in exacerbating glucose-induced
(glucotoxicity) elevation in ROS and mitochondrial damage in
diabetic retinopathy remains unclear.

The aim of this study was to investigate the effect of
lipotoxicity in potentiating Rac1-Nox2–mediated ROS genera-
tion and mitochondrial damage in the development of diabetic
retinopathy. Using retinal endothelial cells, we investigated the
effect of a saturated fatty acid, palmitate, on glucotoxicity-
induced ROS production and damage of mitochondrial DNA
(mtDNA) and its transcription.

METHODS

Bovine Retinal Endothelial Cells

Bovine retinal endothelial cells from the fifth to the sixth
passage were incubated in the medium containing 2% heat-
inactivated fetal bovine serum, 10% replacement serum, 50 lg/
mL heparin, 1 lg/mL endothelial growth factor, and antibiotic/
antimycotic for 6 hours to 96 hours in 5 or 20 mM glucose. The
media were supplemented with or without palmitate or
ceramide, each at a concentration of 50 lM.19 A group of
cells also was incubated in lipotoxic or glucolipotoxic
conditions in the presence of a Rac1 activation inhibitor, N6-
[2-[4-(diethylamino)- 1-methylbutyl]amino]-6-methyl-4-pyrimi-
dinyl]-2-methyl- 4,6-quinolinediamine, trihydrochloride
(NSC23766, 20 lM; Calbiochem-EMD Millipore, Billerica, MA,
USA).15,19 Osmotic control included cells incubated in 20 mM
mannitol instead of 20 mM glucose.15

Human Endothelial Cells

To confirm the effect of glucolipotoxicity on Nox2 activation,
some of the key parameters were confirmed in the endothelial
cells obtained from human retina, as described previously.23

Cells from fourth to sixth passages were incubated for 48 hours
in 5 or 20 mM glucose media containing 1% fetal bovine serum,
9% Nu-serum, and 0.5 lg/mL endothelial growth factor in the
presence or absence of palmitate (50 lM). As with the bovine
retinal endothelial cells, incubation conditions also included
supplementation with 20 lM NSC2376.

Palmitate and Ceramide

Stock solutions of palmitate (150 mM) and ceramide (150 mM)
solutions were prepared by dissolving their sodium salts in
ethanol:H2O (1:1 vol/vol) at 508C. Aliquots of the stock
solution were complexed with fatty acid-free BSA by stirring
for 1 hour at 378C. The final molar ratio of palmitate or
ceramide to BSA was 5:1.19,24

Reactive Oxygen Species

Total ROS levels were quantified fluorometrically using 20,70-
dichlorofluorescein diacetate (DCHFDA; Sigma-Aldrich Corp.,
St. Louis, MO, USA). Briefly, 5 lg protein was incubated with 4
lM DCHFDA for 10 minutes, and the resultant fluorescence
was measured at 485 nm and 530 nm as excitation and
emission wavelengths, respectively.15,22

Activity of Nox2 and Rac1

Nox2 activity was measured in cell homogenates (10 lg
protein) using 20 lM lucigenin as electron acceptor and 100
lM NADPH as a substrate. The specificity of Nox2 activity was
evaluated by performing the assay in the presence or absence
of 0.2 mM apocynin in the assay medium. In the same cell
preparations, Rac1 activation was determined using G-LISA
colorimetric assay (Cytoskeleton, Denver, CO, USA), as
described by us previously.15,25

Colocalization of Nox2 and Rac1

Cells grown on coverslips were incubated with 5 mM or 20 mM
glucose, in the presence or absence of palmitate or ceramide,
and/or NSC23766, for 48 hours. They were then fixed with 4%
formaldehyde for 15 minutes and rinsed three times with PBS.
The cells were permeabilized with 0.2% Triton X-100 for 10
minutes, blocked in 2% BSA for 1 hour, and incubated overnight
in a moist chamber with the primary antibodies against Rac1 or
Nox2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA, and
Abcam, Cambridge, MA, USA, respectively; both at a dilution of
1:500). The cells were then rinsed with PBS, and incubated with
their respective secondary antibodies, FITC-conjugated for Nox2
(Molecular Probes, Eugene, OR, USA) and Texas Red–conjugated
for Rac1 (Vector Laboratories, Burlingame, CA, USA). Slides were
mounted in antifade medium containing 4 0,6-diamidino-2-
phenylindole (DAPI) (Vectashield-DAPI; Vector Laboratories) to
counterstain the nuclei, and imaged under a ZEISS ApoTome
fluorescence microscope at 340 magnification (Carl Zeiss,
Chicago, IL, USA).26

Mitochondrial DNA Damage

Mitochondrial DNA 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 (13.4 kb) and short (210 bp) regions of the
mtDNA. The intensity of the PCR amplicons was measured
using Carestream digital software (Rochester, NY, USA), and
the ratio of the long to the short bands was calculated. A
decrease in the ratio of long to short amplicons indicated
damage to the mtDNA.22,27

RNA Isolation and Gene Expression

After extracting total RNA by Trizol (Invitrogen, Grand Island,
NY, USA), 1 lg RNA was used for cDNA preparation using the
High Capacity cDNA reverse transcription kit (Applied
Biosystems, Foster City, CA, USA). The expression of Cyto-

chrome b (Cytb) and IL-1b was measured by SYBR green–
based quantitative real-time PCR (qPCR) using gene-specific
primers (Cytb ¼ forward 50-CGATACATACACGCAAACGG-30,
and reverse 50- CGATACATACACGCAAACGG-30 and IL-1b ¼
forward 50- AGTGACGAGAATGAGCTGTT-30, and reverse 50-
GATTTTTGCTCTCTGTCCTG-3 0), with melting curve analysis
on ABI 7500 (Applied Biosystems). b-actin was used as a
housekeeping gene, and the transcript quantification was
performed using the DDCt method.22,26

Statistical analysis was carried out using Sigma Stat software
(Jandel Scientific Corporation, San Rafael, CA, USA). Data are
expressed as means 6 SD. The Shapiro-Wilk test was used to
test for normal distribution of the data, and for variables with
normal distribution; Student’s t-test was used for comparing
two groups and one-way ANOVA followed by Bonferroni’s test
was applied for multiple groups. For data that did not present
normal distribution, Mann-Whitney U or Kruskal-Wallis test,
followed by Dunn’s test was performed. A P value less than
0.05 was considered statistically significant.

RESULTS

Lipotoxicity Augments Glucotoxicity-Induced
Increases in ROS Levels

Hyperlipidemia is considered as one of the systemic factors in
the development of diabetic retinopathy, and oxidative stress is
shown to play a major role in its development.1–3,13 To
investigate the effect of lipotoxicity, ROS levels were quantified
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in the retinal endothelial cells incubated with a nonesterified
fatty acid, palmitate, for 6 to 96 hours. As shown in Figure 1a,
exposure of cells to palmitate for 6 hours in normal glucose (5
mM) elevated ROS levels, and the increase in ROS was similar
to the one obtained from the cells incubated in high glucose
(20 mM) without any palmitate. However, addition of glucose
(20 mM glucose) to the palmitate-containing medium further
exacerbated the production of ROS, and the values obtained
from cells incubated in glucolipotoxic medium were signifi-
cantly different from cells incubated in lipotoxic or glucotoxic
medium (P < 0.05). Similar increases were observed when the
duration of lipotoxicity or glucolipotoxicity was extended to
96 hours (Fig. 1b), a duration when glucotoxicity damages
mitochondria and accelerates cell apoptosis in these retinal
endothelial cells.22,28 Consistent with the increase in ROS by
palmitate, addition of ceramide, instead of palmitate, also
significantly increased ROS levels, which was exacerbated by
the addition of glucose to the medium (Fig. 1b). Incubation of
cells with mannitol (20 mM), instead of glucose (20 mM), for 6
to 96 hours did not produce any increase in ROS production.

Because lipotoxicity is shown to increase proinflammatory
mediators, to investigate the effect of glucolipotoxicity, the
level of IL-1b was quantified. Although IL-1b was increased by
more than 2.5-fold in the cells exposed to either glucose or
palmitate compared with the cells exposed to 5 mM glucose,

its levels were increased by almost 6-fold when both palmitate
and glucose were added together, suggesting that glucotoxicity
also potentiates glucose- or lipid- induced increase in
inflammatory mediators (Fig. 1c).

Increase in ROS is Mediated via Nox2-Rac1
Signaling

Because Nox2, which is considered as a ‘‘professional’’ ROS
producer,29 is activated by high glucose,15 to identify the
source of ROS generation, the effect of palmitate on Nox2
activity was investigated. Figure 2a shows that Nox2 was
elevated by approximately 50% as early as 6 hours of palmitate
exposure, but when the cells were exposed to glucolipotoxic
conditions, the increase in Nox2 activity was more than 2.5-
fold. As with ROS, similar Nox2 activation was observed when
the cells were incubated in lipotoxic or glucolipotoxic
conditions for up to 96 hours. Consistent with the increase
in ROS, Nox2 activation also was observed when palmitate was
replaced by ceramide (Fig. 2b).

To investigate the mechanism of Nox2 activation by
lipotoxicity, the effect of palmitate on the activation of Rac1,
approximately 21 kDa signaling G-protein (critical in Nox2
activation), was determined. Figure 3a shows that although 6
hours of glucose or palmitate did not activate Rac1, addition of
both palmitate and glucose increased the Rac1 activity by
approximately 2-fold. However, after 24 hours, and up to 96
hours (total duration of the experiment), of palmitate

FIGURE 1. Lipotoxicity augments glucotoxicity-induced increases in
ROS and IL-1b levels in retinal endothelial cells. Total ROS levels were
quantified in 5 lg protein using DCHFDA, and the resultant
fluorescence was measured at 485 nm and 530 nm as excitation and
emission wavelengths, respectively, in retinal endothelial cells incu-
bated in 5 mM or 20 mM glucose media (a) for 6 to 48 hours in the
presence or absence of 50 lM palmitate, and (b) for 96 hours in the
presence palmitate or ceramide (50 lM). (c) The gene transcripts of IL-
1b were quantified by real-time PCR in the cells incubated in 5 mM or
20 mM glucose media for 96 hours, with or without 50 lM palmitate; b-

actin was used as a housekeeping gene. The results are represented as
mean 6 SD from three to four cell preparations, with each
measurement made in duplicate. *P < 0.05 vs. 5 mM glucose and #P

< 0.05 vs. 20 mM glucose; 5 and 20¼ 5 mM or 20 mM glucose; Gluc,
glucose; Palm, palmitate; Cer, ceramide; NSC, 20 lM NSC23766; Mann,
20 mM mannitol.

FIGURE 2. Lipotoxicity-induced increase in ROS is via activation of
Nox2. Apocynin-sensitive Nox2 activity was measured in retinal
endothelial cells (10 lg protein) using lucigenin as electron acceptor
and NADPH as a substrate. Cells incubated (a) with palmitate for 6 to
48 hours, and (b) with palmitate or ceramide (50 lM) for 96 hours in
media supplemented with or without NSC23766. The results are
represented as mean 6 SD from three to four cell preparations, with
each measurement made in duplicate. *P < 0.05 vs. 5 mM glucose and
#P < 0.05 vs. 20 mM glucose.

Glucolipotoxicity and Diabetic Retinopathy IOVS j May 2015 j Vol. 56 j No. 5 j 2987



exposure, Rac1 was increased by 70%. Addition of palmitate to
high glucose-containing medium (glucolipotoxicity) further
increased Rac1 activity; the values obtained from cells exposed
to glucolipotoxic insult were significantly increased compared
with the cells incubated in either glucotoxic or lipotoxic
conditions. Similar increase in Rac1 activity was observed
when ceramide, instead of palmitate, was used as a source of
lipotoxicity (Fig. 3b).

The role of Nox2-Rac1 in glucolipotoxicity was confirmed
by immunofluorescence techniques. Consistent with the
results obtained above, the expressions of both Nox2 and
Rac1 were significantly increased by lipotoxic insult (palmitate
or ceramide), and these increases were further exacerbated
when the lipotoxicity was supplemented with glucotoxicity
(Fig. 4).

Glucolipotoxicity Accelerates mtDNA Damage

Our previous work has shown that although glucotoxicity
activates Nox2 as early as 3 hours of glucose insult,
mitochondrial damage is not observed until the duration of
glucose exposure is extended to 96 hours. To investigate the
compounding effect of glucolipotoxicity on mtDNA damage,
the cells incubated in lipotoxic or glucolipotoxic conditions
were analyzed. Figure 5 shows that neither lipotoxicity
(palmitate or ceramide) nor glucotoxicity (20 mM glucose)

FIGURE 3. Lipotoxicity-mediated increase in glucotoxicity-induced
increase in Nox2 is via Rac1 activation. Rac1 activation was quantified
in 20 to 30 lg protein using G-LISA colorimetric assay in cells
incubated in 5 mM or 20 mM glucose media supplemented with (a) 50
lM palmitate for 6 to 48 hours, and (b) with 50 lM palmitate or 50 lM
ceramide for 96 hours. The results are represented as mean 6 SD from
three to four cell preparations, and each measurement was made in
duplicate. *P < 0.05 vs. 5 mM glucose and #P < 0.05 vs. 20 mM
glucose; 5 and 20¼ cells in 5 mM or 20 mM glucose.

FIGURE 4. Glucolipotoxicity increases Nox2 and Rac1, and these two
proteins are colocalized. Localization of Nox2 and Rac1 was performed
immunohistochemically in cells incubated in 5 mM or 20 mM glucose
for 48 hours, in the presence or absence of palmitate or ceramide,
supplemented with NSC23766. For Nox2 (green) FITC-conjugated, and
for Rac1, Texas Red–conjugated secondary antibodies were used, and
the coverslips were mounted using Vectashield with DAPI (blue): 5 mM
Glu, 5 mM GluþPalm, and 5 mM GluþCer ¼ cells incubated in 5 mM
glucose with no addition or with 50 lM palmitate or ceramide,
respectively; 20 mM Glu, 5 mM GluþPalm, and 20 mM GluþPalmþNSC
¼ cells incubated in 20 mM glucose with no addition or with palmitate
supplemented with or without 20 lM NSC23766; 20 mM GluþCer and
20 mM GluþCerþNSC ¼ cells incubated in 20 mM glucose and 50 lM
ceramide in the absence or presence of NSC23766, respectively.

FIGURE 5. Glucolipotoxicity accelerates mtDNA damage. Damage to
mtDNA was assessed in endothelial cells incubated with palmitate or
ceramide in the presence of either 5 mM or 20 mM glucose for 48 or 96
hours by extended-length PCR. The ratio of the 13.4 kb to 210 bp
amplicons is represented as mean 6 SD from two to three cell
preparations, each experiment performed in duplicate. *P < 0.05 vs. 5
mM glucose; 5 and 20 ¼ in 5 mM and 20 mM glucose, respectively.
NSC, 20 lM NSC23766.
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insult alone for 48 hours increased mtDNA damage, but,
glucolipotoxic insult significantly increased mtDNA damage.
However, at 96 hours, although both glucotoxicity and
glucolipotoxicity conditions increased mtDNA damage, lip-
otoxicity alone failed to damage mtDNA. To confirm the effect
of glucolipotoxicity on mtDNA damage, transcripts of mtDNA-
encoded Cytb were quantified in the same cell preparations. As
shown in Figure 6, exposure of cells to glucolipotoxic
conditions, but not to lipotoxic or glucotoxic conditions
alone, for 48 hours decreased Cytb transcripts by more than
50%. However, when the exposure was extended to 96 hours,
decrease in Cytb transcripts was observed in both glucotoxic
and glucolipotoxic conditions, but not in lipotoxic conditions.
Furthermore, the extent of mtDNA damage and decrease in
Cytb transcripts were similar in the cells exposed to glucotoxic
or glucolipotoxic conditions for 96 hours.

NSC23766 Prevents Glucolipotoxicity-Induced
Increase in Nox2-Rac1–Mediated Increase in ROS
Levels and Mitochondrial Damage

To confirm the role of Nox2-Rac1 in the ROS production in
lipotoxic or glucolipotoxic conditions, the effect of NSC23766,
an inhibitor that specifically inhibits Rac1 activity by blocking
its interactions with the guanine nucleotide exchange factor T-
lymphoma, invasion and metastasis 1 (Tiam1)17,30 were
investigated. Addition of NSC23766, in addition to inhibiting
glucose-induced Nox2-Rac1–mediated increase in ROS levels,
also inhibited lipotoxic (palmitate or ceramide) and glucolipo-
toxic (20 mM glucose and palmitate or ceramide)-induced
increase in ROS levels and activation of Nox2 and Rac1 (Figs.
1b, 2b, 3b, 4). Consistent with the prevention of increase in
Nox2-Rac1–mediated ROS production, NSC23766 supplemen-
tation also ameliorated damage to the mtDNA and its
transcription, induced by glucolipotoxic insult (Figs. 5, 6).

Glucolipotoxicity Also Increases Rac1-Nox2–
Mediated ROS Levels in Human Retinal Endothelial
Cells

Consistent with the results from bovine retinal endothelial
cells, endothelial cells from human retina also showed a
significant increase in ROS levels in the cells exposed to
palmitate in a 20 mM glucose medium, compared with the cells
exposed to palmitate in 5 mM glucose or to just 20 mM glucose
alone. Furthermore, this increase in ROS was mediated by
Nox2 as evidenced by a more than 3.5-fold increase in Nox2

activity in cells exposed to glucolipotoxicity compared with an
approximately 2-fold increase in the cells exposed to gluco- or
lipotoxic insults. In the same cells, increase in Rac1 activity
also was significantly lower in the gluco- or lipotoxic
conditions compared with the values obtained from cells in
glucolipotoxic conditions, and addition of NSC23766 prevent-
ed glucolipotoxic-induced increase in Rac1-Nox2–mediated
ROS production (Fig. 7). These results suggest that the effect of
glucolipotoxic insult is not restricted to the bovine retina, and
human retinal capillary cells also are sensitive to glucolipotoxic
insult.

DISCUSSION

In the development of diabetic retinopathy, although hyper-
glycemia is the major instigator, lipid dysmetabolism is also
considered as an important factor.2,3 Clinical studies have
documented that the severity of retinopathy is associated
directly with increasing triglycerides, and inversely with high-
density lipoprotein cholesterol.1,31–33 Lipid-modifying fenofi-
brate have beneficial effects in reducing the need for laser
treatment in patients with proliferative diabetic retinopathy.6

Dyslipidemia is also a well-established proinflammatory
agent,34 and diabetic retinopathy is considered as a low-grade
inflammatory disease with a plethora of inflammatory media-
tors in the retina and vitreous.35 Here, we present exciting
results showing that, although lipotoxic and glucotoxic insults
independently increase ROS via Nox2-Rac1 signaling pathway,
glucolipotoxicity exacerbates ROS production and proinflam-

FIGURE 6. Glucolipotoxicity impairs transcription of mtDNA. The
expression of mtDNA-encoded Cytb was quantified by qPCR in the
cells incubated in high-glucose medium in the presence of palmitate or
ceramide; b-actin was used as the housekeeping gene. The results are
represented as mean 6 SD from two to three cell preparations. *P <
0.05 vs. 5 mM glucose.

FIGURE 7. In human retina endothelial cells, glucose-induced increase
in ROS is augmented by lipotoxicity. Human retinal endothelial cells,
incubated in 5 mM or 20 mM glucose media for 48 hours, in the
presence or absence of 50 lM palmitate, were analyzed for (a) ROS
levels by using DCHFDA. Activity of (b) Nox2 (apocynin-sensitive) was
measured fluorometrically using lucigenin as an electron acceptor and
NADPH as a substrate, and (c) Rac1 by G-LISA–based colorimetric
assay. The results are presented as mean 6 SD from two cell
preparations, with each measurement made in duplicate. *P < 0.05
vs. 5 mM glucose and #P< 0.05 vs. 20 mM glucose. 5 and 20¼5 mM or
20 mM glucose.
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matory mediator IL-1b. In addition, sustained exposure to
glucolipotoxicity further accelerates the toxic effects of ROS in
damaging mtDNA and its transcription. Thus, this study
provides the first evidence to indicate that glucolipotoxicity,
by exaggerating ROS production, accelerates mitochondria
damage, fueling into the vicious cycle of ROS, and potentiating
the development of diabetic retinopathy.

Diabetic patients routinely present dyslipidemia, and their
saturated lipid levels are elevated,36 and lipid metabolism in
the retina also is impaired in diabetes.7–9,37 In the development
of diabetic retinopathy, increase in oxidative stress is consid-
ered as an early event.22,28 Furthermore, mitochondrial
superoxide radicals are associated with a number of interlink-
ing metabolic abnormalities, including the accumulation of
advanced glycation end products, activation of protein kinase
C, and polyol and hexosamine pathways.12,38,39 Here, we show
that the exposure of retinal endothelial cells for just 6 hours in
a normal glucose environment to palmitate, one of the most
abundant free fatty acids in human serum,40 which can
accelerate retinal capillary cell apoptosis,10,41 increases ROS
levels. This increase in ROS is similar to the one observed by
high glucose alone. However, when lipotoxic and gluco-toxic
insults are applied at the same time (glucolipotoxicity), the
increase in ROS is further exacerbated, and the process
continues, suggesting that lipids may be potentiating the toxic
effects of high glucose. Similar increase in ROS levels is also
observed in the presence of ceramide, a bioactive lipid whose
biosynthesis uses palmitate as a substrate.42 In addition, as with
palmitate, the effect of ceramide on ROS production is
augmented by the co-supplementation with high glucose,
suggesting that the increased ROS production is not specific to
palmitate alone, but is rather a general lipotoxic response.

Nox2, one of the major sources of ROS production, is also
identified in retinal endothelial cells and in pericytes,41,43 the
capillary cells that are the main targets of histopathology
associated with diabetic retinopathy.12 It is a highly regulated
membrane-associated protein complex, and oxidizes cytosolic
NADPH by facilitating the one-electron reduction of oxygen to
superoxide.15,16 Our previous work has shown that the initial
increase in retinal ROS in diabetes is via the activation of Nox2,
and has suggested Nox2-mediated increase in ROS as an early
event in the development of diabetic retinopathy.15 Here, we
show that palmitate activates Nox2, and the effect of palmitate
on Nox2 activation is potentiated by high glucose. In addition
to palmitate, ceramide, which, via mediating the fusion of small
raft domains to ceramide-enriched membrane platforms and
aggregating the subunits,44 also activates Nox2 in retinal
endothelial cells. In addition, exposure of endothelial cells to
ceramide in glucotoxic conditions, as with palmitate, also
potentiated Nox2 activation.

Nox2 has the small G-protein Rac1 as one of its cytosolic
regulatory components, and Rac1 activation is considered
critical for the assembly of Nox2 holoenzyme.15–17 The Rac1
signaling pathway regulates lipid (palmitate or ceramide)-
dependent ROS generation in pancreatic beta cells,19,45 and
Rac1 also regulates Nox-2 mediated ROS generation in the
retina in diabetes.15 The results presented here clearly
demonstrate that, despite increase in ROS levels within 6
hours of palmitate or glucose exposure, Rac1 activation is not
observed, but when both are added together, Rac1 activity is
significantly increased. In support, in retinal pericyte, palmi-
tate-induced apoptosis is prevented by inactive mutants of
p47phox and Rac1.41 However, chronic exposure of the cells to
lipotoxic or glucotoxic insults activates Rac1, and this
activation is further exacerbated by glucolipotoxic insult.
Consistent with our results, a bioactive lipid-mediated Nox2-
dependent mechanism has been recently implicated in the
development of diabetic retinopathy.46 Although NADPH

oxidases are a family of enzymes, among those Nox2 and
Nox4 are the main modulators of redox signaling. Both of these
members of the Nox family are activated in the retina in
diabetes, and their activation regulates growth factors and
inflammatory mediators associated with the development of
diabetic retinopathy.46–48 The focus of our study was to
investigate the role of Nox2; however, we cannot rule out the
role of Nox4 in glucolipotoxicity-induced accelerated damage
of retinal capillary cells.

In the pathogenesis of diabetic retinopathy, superoxide
generated by mitochondria are postulated to act as unifying
molecules in the regulation of major pathways implicated in
the development of diabetic retinopathy.38 Mitochondria
become dysfunctional and enlarged, and leak out cytochrome
c in the cytosol, initiating the apoptotic machinery, and
apoptosis of retinal capillary cells precedes the development of
histopathology, which is the hallmark of diabetic retinopa-
thy.20,22,28,49 In the initial stages of the hyperglycemic insult,
mtDNA repair and biogenesis are increased and this helps
protect the electron transport chain system, but, with
sustained insult, this protection mechanism becomes over-
whelmed and the mtDNA is damaged, and the electron
transport system is compromised.22 In addition to increased
ROS, mitochondrial lipid oxidation is also associated with its
dysfunction, as fatty acids can interact with the electron chain
components and bind to cytochrome c in complex III,
interrupting the transport of electrons.50 Consistent with 48
hours of glucotoxic insult showing no damage to the mtDNA
and accelerating apoptosis,22 here our results show that at this
duration, the lipotoxic insult also has no effect on mitochon-
dria damage. However, when the cells are exposed to
glucolipotoxicity, mitochondria are damaged, as evidenced by
significant increase in mtDNA damage and decrease in its
transcription. This strongly suggests that the presence of both
lipotoxic and glucotoxic insults together, accelerates damage
to the mitochondria, and due to the compromised electron
transport system, fueling of the vicious cycle of superoxide
radicals is expedited. When the duration of the insult(s) is
extended to 96 hours, although both glucotoxicity and
glucolipotoxicity significantly damage mtDNA and its tran-
scription, but, in contrast, lipotoxicity alone does not produce
any significant effect. The reason for this discrepancy is
unclear, but the possibility that further extension of lipotoxic
insult could have damaged mtDNA cannot be ruled out.

The active (GTP-bound) and inactive conformations of Rac1
are regulated by Tiam1, which acts upstream of Rac1.17,30,51

We have shown that Tiam1 has a regulatory role in
hyperglycemia-induced Rac1-Nox2–mediated ROS generation
and mitochondrial damage in the development of diabetic
retinopathy.15 Rac1 inhibition by its highly soluble and
membrane-permeable small molecular weight antagonist
NSC23766, which acts as a specific inhibitor of its guanine
nucleotide exchange factor, Tiam1,15,30 also inhibits glucolipo-
toxicity-induced increase in Rac1-Nox2-ROS signaling. Further-
more, NSC23766 also ameliorates mtDNA damage and its
transcription, suggesting that glucolipotoxic conditions acti-
vate Tiam-Rac1 signaling. In support, NSC23766 is shown to
attenuate palmitate-induced, Rac1-Nox2–mediated, mitochon-
drial damage in pancreatic beta cells.19

In summary, we demonstrate that although both lipotoxic
and glucotoxic insults, via Rac1-Nox2 signaling, increase
cytosolic ROS in the early stages, addition of lipotoxic insult
in a glucotoxic environment exacerbates ROS production, and
accelerates the damaging effects of ROS on the mitochondria
and its DNA. Dysfunctional mitochondria initiate the apoptotic
machinery, and damaged mtDNA further compromise the
electron transport system, propagating the vicious cycle of
superoxide radicals. Thus, early modulation of Nox2 by
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pharmacological agents in hyperlipidemic prediabetic patients
has potential to prevent/retard the development of diabetic
retinopathy before their hyperglycemia becomes overt, and
this blinding disease reaches a point of no return.
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