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Abstract

Aims: Diabetes increases oxidative stress in the retina and dysfunctions their mitochondria, accelerating capillary
cell apoptosis. A 66 kDa adaptor protein, p66Shc, is considered as a sensor of oxidative stress-induced apoptosis.
In the pathogenesis of diabetic retinopathy, a progressive disease, reactive oxygen species (ROS) production by
activation of a small molecular weight G-protein (Ras-related C3 botulinum toxin substrate 1 [Rac1])-Nox2
signaling precedes mitochondrial damage. Rac1 activation is facilitated by guanine exchange factors (GEFs), and
p66Shc increases Rac1-specific GEF activity of Son of Sevenless 1 (Sos1). p66Shc also possesses oxidoreductase
activity and can directly stimulate mitochondrial ROS generation. Our aim was to investigate the role of p66Shc in
the development of diabetic retinopathy and mechanism of its transcription.
Results: High glucose increased p66Shc expression in human retinal endothelial cells, and elevated acetylated
histone 3 lysine 9 (H3K9) levels and transcriptional factor p53 binding at its promoter. Glucose also augmented
interactions between Rac1 and Sos1 and activated Rac1-Nox2. Phosphorylation of p66Shc was increased, allowing it
to interact with peptidyl prolyl isomerase to facilitate its localization inside the mitochondria, culminating in
mitochondrial damage. P66shc-small interfering RNA (siRNA) inhibited glucose-induced Rac1 activation and
mitochondrial damage. Similar results are observed in retinal microvessels from diabetic rats.
Innovation: This is the first report identifying the role of p66Shc in the development of diabetic retinopathy and
implicating increased histone acetylation in its transcriptional regulation.
Conclusion: Thus, p66Shc has dual role in the development of diabetic retinopathy; its regulation in the early
stages of the disease should impede Rac1-ROS production and, in the later stages, prevent mitochondrial damage
and initiation of a futile cycle of free radicals. Antioxid. Redox Signal. 30, 1621–1634.
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Introduction

D iabetic retinopathy, one of the serious microvascu-
lar complications, is the leading cause of acquired blind-

ness in working aging adults. Hyperglycemia induces metabolic
abnormalities and alters many genes associated with these ab-
normalities (16, 18). Oxidative stress is increased in the retina
and its capillary cells, and the mitochondria become dysfunc-
tional, accelerating apoptosis of capillary cells, a phenomenon
that precedes the development of vascular histopathology
characteristic of diabetic retinopathy (18, 43). Reactive oxygen

species (ROS) are important mediators of vascular dysfunction,
and a 66 kDa proto-oncogene Src homologous-collagen (Shc)
homologue adaptor protein, p66Shc, is considered as a sensor of
oxidative stress-induced apoptosis (17, 47). In diabetic patients,
the expression of p66Shc in mononuclear cells is shown to
correlate with the plasma 8-isoprostane, a marker of oxidative
stress (45), and in patients with nephropathy, with the levels of
low-density lipoproteins, blood glucose levels, and duration of
diabetes (61). Downregulation of p66Shc in mesangial cells is
associated with reduced susceptibility to oxidative stress and
amelioration of diabetic glomerulopathy (38), and decrease in
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p66Shc by Sirtuin 1 (Sirt1) is shown to prevent hyperglycemia-
induced endothelial dysfunction (62). However, the role of
p66Shc in the development of diabetic retinopathy remains
unclear.

Although mitochondria are the major source of ROS, free
radicals are also generated by cytosolic NADPH oxidases
(Noxs), and diabetic environment activates phagocyte-like
Nox2 and Nox4 in the retina and its capillary cells (32, 36).
Nox2 is a multiprotein membrane-bound complex, and Ras-
related C3 botulinum toxin substrate 1 (Rac1) is essential for
its activation (50). Activated Rac1 moves to the cell mem-
brane, where it binds with the Nox2 complex to generate
ROS; in diabetic retinopathy, Rac1-Nox2-mediated ROS
generation leads to the mitochondrial damage (32, 33). The
activity of Rac1 is governed by several guanine exchange
factors (GEFs) including Tiam1 and Son of Sevenless 1
(Sos1). P66Shc also induces Rac1 activation, and this is
mediated via its effect on Rac1-specific Sos1 (4, 21). P66Shc-
mediated activation of Rac1 is facilitated by decreased
binding of Sos1 with the growth factor receptor-bound pro-
tein 2 (Grb2) (24, 27). However, the role of p66Shc in the
regulation of Sos1-Rac1-Nox2-ROS signaling in diabetic
retinopathy remains to be investigated.

The function of p66Shc is regulated at both transcriptional
and post-translational levels (35, 57); although histone acety-
lation activates gene expression, deacetylation suppresses the
expression (51). Diabetes-induced expression of p66Shc in
human umbilical vein endothelial cells is considered to be
mediated by acetylation of histone 3-in its promoter (62). Fur-
thermore, Sirt1, a class III histone deacetylase, is inactivated in
the retina in diabetes, and its overexpression prevents mito-
chondrial damage and the development of retinopathy in dia-
betic mice (39). P66Shc is also a downstream target of the tumor
suppressor transcription factor p53, defects in p53-p66Shc ap-
optotic pathway are considered to play a major role in p66Shc-
mediated tumor initiation, and acetylation of p53 is critical in its
regulation of p66Shc expression (3, 7, 57). How diabetes reg-
ulates p66Shc in the retina is not clear.

P66Shc has an oxidoreductase activity, and it can directly
stimulate mitochondrial ROS generation; localization of

p66Shc in the mitochondrial membrane oxidizes cytochrome c
(Cyt c), generating ROS (19). Translocation of p66Shc into the
mitochondria is facilitated by phosphorylation of its Serine 36
by protein kinase C, b isoform (PKCb) (48), and diabetes
activates PKCb in the retina and its capillary cells (30).
Phosphorylated p66Shc increases its affinity toward peptidyl
prolyl isomerase, peptidyl-prolyl cis/trans isomerase 1 (Pin1),
which isomerizes p66Shc, and isomerization is essential for its
translocation into the mitochondria (15, 48); blood monocytes
from diabetic patients have increased Pin1 (46). Whether
p66Shc has any role in mitochondrial damage, associated with
the development of diabetic retinopathy, is elusive.

This study aims to understand the mechanism re-
sponsible for p66Shc regulation and examine its role in
regulating cytosolic and mitochondrial ROS in the devel-
opment of diabetic retinopathy. Using human retinal en-
dothelial cells (HRECs), we have investigated the effect
of hyperglycemia on p66Shc-Rac1-ROS signaling and
mitochondrial damage. The specific role of p66Shc in ac-
tivation of cytosolic and mitochondrial ROS was confirmed
using genetically modified HRECs. Key parameters of
p66Shc-Rac1-ROS signaling were validated in the retinal
microvessels, the site of histopathology associated with
diabetic retinopathy (16), from streptozotocin-induced di-
abetic rats.

Results

Compared with that of cells in normal glucose, incubation
of endothelial cells in high glucose for 96 h increased p66Shc
gene transcripts by *2.5-fold, and this was accompanied by
a *75% increase in its protein expression (Fig. 1a, b and
Supplementary Fig. S1). However, incubation of cells in
20 mM l-glucose had no effect on p66Shc expression.

Since p66Shc is an important regulator of Rac1 (23), and
activation of Rac1 is an early event in the development of
diabetic retinopathy (32), temporal relationship between
exposures of cells to high glucose and p66Shc was investi-
gated. As shown in Figure 1c, compared with the cells in
normal glucose, increase in p66Shc transcripts was observed
within 24 h of glucose insult. Consistent with increase in
p66Shc, as expected (32, 33), significant increases in Rac1
activity and ROS were also observed in the same samples,
and they all remain elevated at least till 96 h of high glucose
insult. The correlation analysis of the temporal relationship of
p66Shc with Rac1-ROS showed a strong correlation coeffi-
cient among these three parameters (>0.96).

The role of p66Shc in the regulation on Rac1 activation
was determined in the cells transfected with p66Shc-small
interfering RNA (siRNA); Figure 1d shows >40% decrease in
p66Shc transcripts in p66Shc-siRNA transfected cells. Con-
sistent with the inhibition of glucose-induced increase in
oxidative stress by Rac1-Nox inhibitor (32) and by over-
expression of Sod2 (a gene encoding for mitochondrial su-
peroxide dismutase) (29), p66Shc-siRNA also attenuated
glucose-induced increase of Rac1 and ROS (Fig. 1e, f).
Furthermore, p66Shc-siRNA also significantly ameliorated
increase in oxidatively modified DNA, as shown by de-
creased levels of 8-OHdG in p66Shc-siRNA transfected cells,
compared with untransfected cells, exposed to high glucose
(Fig. 1g). However, the cells transfected with scrambled
siRNA control incubated in high glucose, or p66Shc-siRNA

Innovation

Early activation of cytosolic Ras-related C3 botulinum
toxin substrate 1 (Rac1)-NADPH oxidase (Nox)2-reactive
oxygen species (ROS) signaling axis leads to mitochondrial
damage, activating a self-perpetuating cycle of mitochon-
drial ROS, which plays a critical role in development of
diabetic retinopathy. How cytosolic disturbances lead to the
mitochondrial dysfunction, however, remains obscure. This
is the first report documenting p66Shc as a link between
cytosolic and mitochondrial dysfunction in the development
of diabetic retinopathy. We show that due to Sirtuin 1 (Sirt1)
inhibition in hyperglycemia, p66Shc promoter is hyper-
acetylated, which increases transcriptional factor p53 bind-
ing. Activated p66Shc, via activating Rac1-Nox2 signaling,
elevates cytosolic ROS, and by increasing interactions be-
tween phosphorylated p66Shc and peptidyl-prolyl cis/trans
isomerase 1 (Pin1), increases mitochondrial ROS.
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transfected cells incubated in normal glucose medium, had no
change in their phenotype, and the values were similar to
those obtained from the untransfected cells incubated in high
glucose or in normal glucose, respectively.

Regulation of p66Shc transcription

Since p66Shc is a target of transcription factor p53 (57),
p53 binding at p66Shc promoter was investigated. Compared
with that of cells in normal glucose, p53 binding was in-

creased by approximately twofold in the cells incubated in
high glucose; the IgG controls in the same samples were
<0.5% of those obtained from p53 antibody (Fig. 2a). Since
acetylation of p53 is important in regulating its transcriptional
activity, and diabetes inhibits deacetylase Sirt1 in the retina
(39, 56), the effect of overexpression of Sirt1 on p53 binding
at p66Shc promoter was determined. Sirt1 overexpression
prevented glucose-induced increase in p53 binding (Fig. 2a).
In the same cell preparations, Sirt1 overexpression also pre-
vented increase in p66Shc transcription (Fig. 1a). The values

FIG. 1. Effect of p66Shc on the glucose-induced Rac1 activation and ROS levels. HRECs exposed to high or normal
glucose for 96 h were analyzed for p66Shc (a) mRNA and (b) protein levels using qPCR and Western blot techniques,
respectively. b-Actin was used as an internal control. Supplementary Figure S1 showing uncropped p66Shc and actin Western
blots from three different preparations. (c) Cells incubated with 20 mM glucose for 24–96 h were used to investigate the
temporal relationship with p66Shc gene transcripts, active Rac1 and ROS, and potential correlation was determined by
analyzing correlation coefficient. (d) Transfection efficiency of p66-siRNA was quantified by qPCR. (e) Active Rac1 was
quantified in 20 lg protein by a G-LISA colorimetric assay and absorbance at 490 nm was plotted. (f) Total ROS levels were
quantified fluorometrically in 5 lg protein using DCFH-DA fluorescence dye, and the graph shows absolute fluorescence
intensity obtained in each sample. (g) 8-OHdG levels were measured in the total genomic DNA by an ELISA method. Each
measurement was made in duplicate in four to five samples per group. The values obtained from cells in 5 mM glucose are
considered as 1 (or 100%) and are represented as mean – SD. Five millimolars and 20mM represent cells in 5 or 20 mM glucose;
Sirt and R represent cells transfected with Sirt1 cDNA or with transfection reagent alone, and incubated in 20 mM glucose; p66-
si, Sos-si, or SC represents cells transfected with p66Shc siRNA, Sos1 siRNA, or scrambled RNA respectively, and incubated in
20 mM glucose; 5+p66-si represents cells transfected with p66Shc siRNA and incubated in 5 mM glucose; l-Glu represents
20 mM l-glucose. *p < 0.05 versus 5 mM glucose and #p < 0.05 versus 20 mM glucose. cDNA, complementary DNA; DCFH-
DA, dichlorodihydrofluorescein diacetate; ELISA, enzyme-linked immunosorbent assay; HRECs, human retinal endothelial
cells; mRNA, messenger RNA; qPCR, quantitative real-time polymerase chain reaction; Rac1, Ras-related C3 botulinum toxin
substrate 1; ROS, reactive oxygen species; SC, scrambled RNA; SD, standard deviation; siRNA, small interfering RNA.
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obtained from the cells incubated with transfection reagent
alone or untransfected cells, incubated in high glucose, were
not different from each other.

Post-translational modifications of histones play an im-
portant role in regulating binding of the transcription factors,
and acetylation of histones at the gene promoter is related to
activate gene transcription (6, 22, 49). To investigate the role
of histone acetylation in p66Shc transcription, histone 3 lysine
9 acetylation (H3K9Ac) levels were quantified at its pro-
moter. Incubation of cells in high glucose for 96 h, compared
with that of cells in normal glucose, elevated H3K9Ac levels
at p66Shc promoter by *2.5-fold, and this increase was
ameliorated by overexpression of Sirt1. Cells incubated in
20 mM l-glucose had no effect on H3K9Ac levels (Fig. 2b).

p66Shc-Rac1 regulation

P66Shc increases active Rac1 by augmenting Rac1-specific
activity of Sos1 (23); to determine the role of Sos1 in p66Shc-
mediated Rac1 activation, the binding of Rac1 with Sos1 was
investigated. Coimmunoprecipitation experiments showed in-
creased binding of Rac1-Sos1 in cells exposed to high glucose
for 96 h, and glucose-induced increased Rac1-Sos1 interac-
tions were attenuated by p66Shc-siRNA (Fig. 3a and Supple-
mentary Fig. S2). Consistent with this, immunofluorescence
technique also showed increased colocalization of Rac1-Sos1
(Fig. 3b). This increased Rac1-Sos1 association was observed

despite any significant increase in glucose-induced Sos1 tran-
scription. Interestingly, Sos1-siRNA ameliorated glucose-
induced increase in active Rac1 and ROS levels (Fig. 1e, f). As
a measure of transfection efficiency, Sos1-siRNA transfected
cells had *50% decrease in Sos1 transcript levels (Fig. 3c).

Since p66Shc activates Rac1 by decreasing Sos1 binding
with Grb2 (23), effect of high glucose on Sos1-Grb2 binding
was investigated. Compared with cells in normal glucose or in
20 mM l-glucose, coimmunoprecipitation results showed 40%
decrease in Sos1-Grb2 interactions in cells incubated in high
glucose, and this decrease in Sos1-Grb2 binding was prevented
by p66Shc-siRNA, but not by scrambled RNA. Consistent with
Sos1 expression, high glucose also had no effect on Grb1
messenger RNA (mRNA) or protein expression (Fig. 4a, b and
Supplementary Figs. S3 and S4).

p66Shc and mitochondrial ROS

To investigate the role of p66Shc in glucose-induced in-
creased mitochondrial damage, its translocation inside the
mitochondria was determined. As shown in Figure 5a, locali-
zation of p66Shc inside the mitochondria was more than
twofold higher in the cells incubated in high glucose for 96 h
compared with cells incubated in normal glucose or 20 mM
l-glucose. Both immunohistochemical technique and enzyme-
linked immunosorbent assay (ELISA) showed attenuation
of glucose-induced mitochondrial ROS by p66Shc-siRNA
(Fig. 5b, c). Consistent with ROS, p66Shc-siRNA also pre-
vented increase in mitochondrial DNA (mtDNA) damage and
capillary cell apoptosis; the values obtained from p66Shc-
siRNA transfected cells were not different from those ob-
served from untransfected cells in normal glucose (Fig. 5d, e).

Phosphorylation of p66Shc is associated with its mito-
chondrial localization (19); phosphorylated p66Shc binds with
Pin1 for isomerization, which is critical for its mitochondrial
translocation. However, phosphorylated p66Shc is first de-
phosphorylated before it can be translocated inside the mito-
chondria (17, 48). Quantification of p66Shc phosphorylation
by both Western blotting and immunostaining showed signif-
icant increase in phosphorylated p66Shc in the cells exposed to
high glucose compared with the cells exposed to normal glu-
cose or 20 mM l-glucose (Fig. 6a, b and Supplementary
Fig. S5). Consistent with increase in phosphorylated p66Shc,
high glucose also increased the gene transcripts of Pin1 by
approximately twofold (Fig. 6c).

To confirm the role of Pin1 in mitochondrial ROS, cells
transfected with Pin1-siRNA were analyzed for mitochon-
drial ROS levels, and as shown in Figure 5b–d, Pin1-siRNA
transfected cells showed significant reduction in mitochon-
drial ROS levels and mtDNA damage compared with un-
transfected cells in high glucose for 96 h.

Rat retinal microvessels

Consistent with the results from endothelial cells, diabetes
increased gene transcripts of p66Shc in rat retinal micro-
vessels (Fig. 7a). Compared with the age-matched normal
rats, although Sos1 expression was not significantly increased
in diabetic rats, immunofluorescence microscopy showed a
significant increase in the cellular localization of Sos1 with
Rac1 (Fig. 7a, b). This diabetes-induced increase in p66Shc
was accompanied by a significant increase in p53 binding and
H3K9Ac levels at its promoter (Fig. 7c, d).

FIG. 2. Binding of p53 and acetylated H3K9 at p66Shc
promoter. HRECs, incubated in high glucose for 96 h, were
analyzed for (a) p53 binding and (b) H3K9Ac by ChIP
technique using IgG as an antibody control (indicated as ^).
Each measurement was made in duplicate in three to four
samples per group, and values obtained from cells in 5 mM
glucose are considered as 1.5 and 20 mM representing 5 or
20 mM glucose; l-Glu represents 20 mM l-glucose; Sirt and
R represent cells transfected with Sirt1 cDNA or with trans-
fection reagent alone, and incubated in 20 mM glucose for
96 h. * and #p < 0.05 compared with cells in 5 or 20 mM
glucose, respectively. ChIP, chromatin immunoprecipitation;
H3K9Ac, histone 3 lysine 9 acetylation; Sirt1, sirtuin 1.
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Retinal cryosections from diabetic rats, compared with
those from normal rats, had increased mitochondrial locali-
zation of p66Shc (Fig. 8a), and increased colocalization of
Pin1 with phosphorylated p66Shc (Fig. 8b). Similarly, Pin1
transcripts were also increased significantly in the retinal
microvessels from the same diabetic rats (Fig. 8c).

Discussion

Excessive intracellular ROS generation is considered as a
common pathway in hyperglycemia-induced retinal injury,
and oxidative stress in diabetic patients is relatively high than
in healthy individuals (18, 45). P66Shc is known to regulate
both cellular and mitochondrial ROS levels by regulating

Rac1 activation and by affecting the mitochondrial electron
transport chain system, respectively (17). We have shown
that in diabetes, active Rac1 is elevated in the retina, which
activates Nox2-mediated cytosolic ROS production, and
subsequently damages the mitochondria, leading to capillary
cell apoptosis (32, 33). In this study, using models of diabetic
models of diabetic retinopathy, our results show that in the
hyperglycemic condition, p66Shc, its binding with Grb2 and
with Sos1, and active Rac1 are increased. Owing to decreased
Sirt1, H3K9 remains acetylated, facilitating p53 binding at
p66Shc promoter and activating its transcription, and over-
expression of Sirt1 ameliorates this. We also show that
p66Shc is phosphorylated, which increases its binding with
Pin1 and elevates p66Shc levels inside the mitochondria,

FIG. 3. Effect of p66Shc regulation on glucose-induced Rac1 activation and its binding with Sos1. Cells transfected with
p66-siRNA, and incubated in 20 mM glucose for 96 h, were for analyzed for (a) Rac1 binding with Sos1 by immunoprecipitating
Rac1, followed by Western blotting for Sos1 (Supplementary Fig. S2). Supplementary Figure S2 for uncropped Sos1 and Rac1
Western blots from three different samples. (b) Cellular colocalization of Rac1 with Sos1 was determined by immunofluores-
cence using Texas Red (red) and Alexa-Flour 488 (green) conjugated secondary antibody, respectively. Fluorescence intensity
for colocalized Rac1 and Sos1 was quantified using AxioVision Rel. 4.8 imaging analysis software. (c) Sos1 transcripts were
quantified by qPCR using b-Actin as an internal control. The values obtained from cells in 5 mM glucose are considered as 1 (or
100%), and are represented as mean – SD from —three to five samples per group. Five millimolars and 20 mM represent 5 or
20 mM glucose; l-Glu represents 20 mM l-glucose; p66-si or SC represents cells transfected with p66Shc siRNA or scrambled
RNA, respectively, and incubated in 20 mM glucose for 96 h; 5+Sos-si represents cells transfected with Sos1 siRNA and incubated
in 5 mM glucose. *p < 0.05 versus 5 mM glucose and #p < 0.05 versus 20 mM glucose. Sos1, Son of Sevenless 1.
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resulting in increased mitochondrial ROS levels. These re-
sults clearly suggest that p66Shc is a critical player in the
development of diabetic retinopathy.

ROS are considered as one of the major regulators of
cellular processes (12, 32), and cytosolic ROS generation, via
activation of Nox, plays a crucial role in mitochondrial ROS
generation, initiating a vicious cycle of ROS-induced ROS
(11–13, 26, 37, 53, 63, 64). Generation of cytosolic and mi-
tochondrial ROS has significant interactions in many diseases
including in diabetic retinopathy (32). In this study, we
highlight the role of p66Shc in cytosolic-mitochondrial ROS
production. P66Shc is one of the three isoforms of the ShcA
adaptor protein family, and although the other two members,
p46Shc and p52Shc, are ubiquitously expressed, p66Shc has
constrained expression (1, 5). Both p46Shc and p52Shc iso-
forms function as cytoplasmic signal transducers and link

activated receptor tyrosine kinases to the Ras pathway by
recruitment of the Grb2–Sos1 complex. However, p66Shc
has an extra N-terminal collagen homology-2 domain (CH2
domain), and by displacing Sos1 from its complex with Grb2,
it inhibits Ras activation and increases cytosolic oxidative
stress by activating Rac1-specific GEF activity of Sos1 (2,
23). Rac1 activation in the retina and its vasculature in dia-
betes are intimately associated with increased cytosolic ROS,
and inhibition of Rac1-Nox2 axis in mice by NSC23766, an
inhibitor of Rac1-GEF, Tiam1, in addition to inhibiting Rac1
activation, also inhibits Nox2-ROS generation (32, 33). In
this study, we show that p66Shc expression is increased by
hyperglycemia. Although hyperglycemia did not alter Sos1
and Grb2 expression, inhibition of p66Shc by its specific
siRNA prevented glucose-induced increased binding of Sos1
with Rac1, and ameliorated decrease in Sos1 binding with
Grb2, suggesting a significant role of Grb2-Sos1 in regulation
of p66Shc-mediated Rac1-ROS signaling. Rac1 can also in-
crease the stability of p66Shc by forming a feedback loop to
maintain cellular ROS production (24); the role of Rac1 in
maintaining p66Shc stability, however, cannot be ruled out.

P66Shc is tightly regulated at the transcriptional (57) and
post-translational levels (35), and it has multiple transcription
factor binding sites (42, 57). P66Shc promoter has a p53
response element, and p53, an important transcription factor,
is shown to regulate p66Shc expression, including in many
disease conditions such as cancer and diabetes (5, 8, 25, 59).
In this study, we show that the binding of p53 at p66Shc
promoter is increased in hyperglycemic medium. Binding of
transcription factor is regulated by epigenetic modifications
(6, 49), our results show that the levels of H3K9Ac are sig-
nificantly elevated at p66Shc promoter. In support of this,
increase in histone 3 acetylation is associated with the low-
density lipoprotein-induced upregulation of p66Shc in human
vascular cells (60, 62). Others have also shown a crosstalk
between histone methylation and histone acetylation at the
p66Shc promoter in visceral fat arteries, but, contrary to our
results, H3K9Ac is decreased in obese mice (10). Since his-
tone deacetylases are tissue specific (58), the possibility that
histone deacetylating machinery is differentially regulated in
visceral fat and retinal vasculature cannot be ruled out. Sirt1
activity is significantly decreased in the retinal vasculature in
diabetes, and its overexpression in mice ameliorates retinal
vascular and neuronal abnormalities associated with diabetic
retinopathy (39). The results presented here clearly show that
Sirt1 overexpression, via regulating acetylation of histones at
p66Shc promoter, prevents p53 binding and regulates its
transcription. We recognize that p66Shc is also a direct target
of Sirt1, and Sirt1-mediated p66Shc post-translational acet-
ylation at lysine 81 can regulate oxidative stress and endo-
thelial dysfunction in diabetes (35), the role of Sirt1 in direct
regulation p66Shc needs further investigation.

Although p66Shc increases cytosolic oxidative stress, ROS,
in turn, also promote mitochondrial translocation of p66Shc,
and once inside the mitochondria, p66Shc interacts with Cyt c
(a membrane-bound electron carrier), serving as a redox en-
zyme to transfer electrons from reduced Cyt c to oxygen (19).
Incomplete oxygen reduction leads to ROS production, which,
in turn, promotes the formation of a permeability-transition
pore in mitochondrial membrane, releasing Cyt c into the cy-
toplasm and, subsequently, activating the apoptotic machinery
(55). In the development of diabetic retinopathy, mitochondrial

FIG. 4. Regulation of p66Shc and its effect on glucose-
induced Grb2-Sos1 binding. (a) HRECs transfected with
p66-siRNA, and incubated in 20 mM glucose, were analyzed
for the Grb2 binding with Sos1 by immunoprecipitating Grb2,
and Western blotting for Sos1. Supplementary Figure S3 shows
the uncropped Sos1 and Grb2 Western blots from three sam-
ples. (b) Expression of Grb2 was quantified at mRNA and
protein levels using qPCR and Western blot techniques, re-
spectively. b-Actin was used as an internal control. Supple-
mentary Figure S4 depicts uncropped Grb2 and actin Western
blots from three different preparations. Each measurement was
made in duplicate, and the values are mean – SD from four to
five samples per group. The values obtained from cells in 5 mM
glucose are considered as 1 (or 100%). Five millimolars and
20 mM represent 5 or 20 mM glucose; l-Glu represents 20 mM
l-glucose; p66-si or SC represents cells transfected with
p66Shc siRNA or scrambled RNA, respectively, and incubated
in 20 mM glucose for 96 h. * and #p < 0.05 compared with cells
in 5 or 20 mM glucose, respectively. Grb2, growth factor
receptor-bound protein 2.
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damage plays a critical role; retinal mitochondria are dys-
functional before appearance of apoptotic cells and capillary
degeneration (28, 32). mtDNA copy numbers are decreased,
and damaged mtDNA, via compromising the electron transport
chain system, continues to fuel into the vicious cycle of free
radicals (40). Results presented here show that the inhibition of
p66Shc also significantly reduces mitochondrial damage.

The CH2 domain of p66Shc contains a crucial serine 36
residue, which is phosphorylated in response to oxidative stress
(17). Phosphorylation of p66Shc is mediated by the activation
of PKCb (48), and conformational changes in p66Shc increase
its affinity toward Pin1, isomerizing p66Shc and facilitating its
mitochondrial transportation (48). PKCb is activated in the
retinal vasculature in diabetes, and is implicated with retinal
hemodynamic and molecular abnormalities associated with the

development of diabetic retinopathy (30). In this study, our
results showing increased mitochondrial localization of
p66Shc and serine 36 phosphorylation clearly suggest the role
of p66Shc in regulation of mitochondrial ROS and mtDNA
damage in diabetes. Moreover, interactions of p66Shc with
Pin1 are also increased, further strengthening the role of
p66Shc in mitochondrial dysfunction. Consistent with our re-
sults, others have shown protection of hyperglycemia-induced
mitochondrial oxidative stress and vascular dysfunction by
regulation of Pin1 in human aortic endothelial cells, or
knockout of Pin1 in mouse (9, 46).

In conclusion, using in vitro and in vivo models of diabetic
retinopathy, we have provided a mechanism of p66Shc acti-
vation in diabetes, and have demonstrated a significant role of
p66Shc in the regulation of oxidative stress in the development

FIG. 5. Mitochondrial localization of p66Shc. (a) Mitochondrial localization of p66Shc was determined in HRECs
exposed to high glucose for 96 h by immunofluorescence using Texas Red (red) and DyLight 488 (green) conjugated
secondary antibodies for p66Shc, and CoxIV was used as a mitochondrial marker, respectively. Fluorescence intensity for
colocalized p66Shc-CoxIV was quantified. Mitochondrial ROS were quantified by (b) immunofluorescence imaging using
mitochondrial permeable MitoSOX� (red) dye and mitotracker (green), and (c) fluorometrically on a plate reader using 5 lg
of mitochondrial protein and 4 lM DCFH-DA dye, the graph shows absolute fluorescence intensity obtained in each sample.
(d) Mitochondrial DNA damage was assessed by extended-length PCR using semiquantitative PCR. (e) Apoptosis was
quantified by an ELISA kit for histone-associated DNA fragments. Each measurement was made in duplicate in four to five
samples per group, and the values obtained from cells in 5 mM glucose are considered as 100. Five millimolars and 20 mM
represent 5 or 20 mM glucose; l-Glu represents 20 mM l-glucose; p66-si, Pin-si or SC represents cells transfected with
p66Shc siRNA, Pin1 siRNA, or scrambled RNA, respectively, and incubated in 20 mM glucose for 96 h. *p < 0.05 versus
5 mM glucose and #p < 0.05 versus 20 mM glucose.
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of diabetic retinopathy. Owing to inhibition of Sirt1 in diabetes,
acetylated H3K9 enhances p53 binding, inducing p66Shc ex-
pression. Increased cytosolic p66Shc increases in its binding
with Grb2, which releases Sos1 from Sos1–Grb2 complex.
This alters the GEF binding of Sos1 and activates Rac1. Active
Rac1, via Nox2 activation, increases cytosolic ROS. In addi-
tion, p66Shc is phosphorylated, allowing it to localize in the
mitochondria, and via interacting with Pin1, increases mito-
chondrial ROS (Fig. 9). Taken together, this study suggests that
p66Shc is an essential regulator of both cytosolic and mito-
chondrial ROS, and provides a novel insight into the mecha-
nism associated with increased mitochondrial dysfunction in
the development of diabetic retinopathy.

Methods

Retinal endothelial cells

HRECs purchased from Cell Systems Corporation (Kirk-
land, WA) were grown in the growth medium containing
modified Dulbecco’s modified Eagle’s medium (DMEM) F12
with normal glucose (5.5 mM), 12% heat-inactivated fetal
bovine serum, 20 lg/mL endothelial cell growth supplement,
and 1% each of insulin transferrin selenium, glutamax, and
antibiotic/antimycotic (14, 40, 41). Cells from fifth to eighth
passage were incubated in normal or high (20 mM) d-glucose
(glucose) for 24–96 h, and parallel osmotic/metabolic con-
trols included cells incubated in 20 mM l-glucose. The
growth medium with reduced fetal bovine serum (1%) and
endothelial growth factor (1 lg/mL), and 9% Nu-Serum was
used as the normal glucose incubation medium. To prepare
high-glucose incubation medium, 20 mM glucose was added
to the normal glucose incubation medium. To investigate the
effect of regulation of p66Shc on cellular ROS and mito-
chondrial damage, a batch of cells were transfected with

specific siRNAs of p66Shc (20), Sos1, or Pin1 using Lipo-
fectamine RNAiMAX (Thermo Fisher Scientific, Rockford,
IL), or with Sirt1 plasmids (Sirt1 complementary DNA
[cDNA], RC227720; OriGene, Rockville, MD), employing
transfection reagent sc-29528 (Santa Cruz Biotechnology).
All of the siRNAs ( p66Shc, a custom-made siRNA; Pin1,
Cat. No. EHU027711; Sos1, Cat EHU017831) were obtained
from Sigma Chemicals (St. Louis, MO). After transfection,
the cells were rinsed with DMEM and incubated in either 5 or
20 mM glucose for 96 h (14, 41). Parallel incubations with
nontargeting scrambled RNA were used as controls. The ef-
ficiency of transfection was determined by quantifying their
gene transcription using SYBR green-based quantitative real-
time polymerase chain reaction (qPCR).

Rats

Wistar rats (male, body weight 200 g) were injected strep-
tozotocin (intraperitoneal, 55 mg/kg body weight), and diabetic
rats received 1–2 IU insulin four to five times a week to prevent
ketosis and weight loss (31–33). At the end of 5–6 months of
diabetes (blood glucose >250 mg/dL, 80–125 mL urine/24 h),
the animals were euthanized by CO2 inhalation, and the retina
from one eye was crosslinked with 1% paraformaldehyde for
immunohistochemical analysis and that from other eye was
utilized for microvessel preparation for molecular parameters.
Age-matched normal rats (blood glucose 80–100 mg/dL, 10–
25 mL urine/24 h) served as controls. Treatment of animals
conformed to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research, and Institutional Animal
Care and Use Committee (Wayne State University, Detroit,
MI). Microvessels were prepared using hypotonic shock
method by incubating the retina in 5–6 mL deionized water for
60 min at 37�C in a shaking water bath. Vascular architecture

FIG. 6. Phosphorylation of p66Shc. (a)
Phosphorylation of p66Shc (p-p66Shc) was
determined by Western blot technique. Sup-
plementary Figure S5 shows uncropped p-
p66Shc Western blots from three different
samples. (b) Interaction between Pin1 with
p-p66Shc was determined by analyzing their
cellular colocalization in immunofluores-
cence imaging using Texas Red (red) and
DyLight 488 (green) conjugated secondary
antibodies for Pin1 and p-p66Shc, respec-
tively. (c) Pin1 expression was quantified
by qPCR using b-Actin as a housekeeping
gene. Each measurement was made in du-
plicate in —three to five samples per group,
and the values obtained from cells in 5 mM
glucose are considered as 100 (or 1). *p < 0.05
compared with 5 mM glucose. Pin1, peptidyl-
prolyl cis/trans isomerase 1.
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was gently cleared for nonvascular debris under the micro-
scope and used for analyses (39).

Gene transcripts

Levels of mRNA were quantified by qPCR using target-
specific primers (Table 1) and following standard laboratory
amplification condition for cDNA or immunoprecipitated
DNA. Reaction specificity was validated by a single peak in
the melting curve. Values of the products were normalized to
the cycle threshold (Ct) value from the input sample, and
those in cDNA to the Ct values from b-Actin in the same
sample (41).

Western blot

Protein (40 lg) was separated on a 4–20% gradient ac-
rylamide gel (BioRad, Hercules, CA) and transferred onto
nitrocellulose membranes. Protein expression was detected
using the following antibodies: rabbit anti-p66Shc (1:1000),
anti-Sos1 (1:1000), anti-Grb2 (1:1000), anti-Pin1 (1:1000),
and mouse antiserine 36 phosphorylated p66Shc (1:500; Cat.
Nos. ab33770, ab54518, ab140621, ab32037, and ab76309,
respectively; Abcam, Cambridge, MA), and mouse anti-b-
Actin (1:2000; Cat. No. A5441; Sigma Chemicals) was used
as a loading protein. Relative expression of the target proteins

was normalized against b-Actin, and the band intensities
were quantified using Image J software (52).

Protein–protein interaction

Interactions of Sos1 with Rac1 and of Sos1 with Grb2 were
quantified by immunoprecipitating Rac1 or Grb2 using 3 lg
of their respective antibodies (Rac1 antibody Cat. No. PA1-
091; Thermo Fisher Scientific and Sos1 and Grb2 antibodies,
the same as used for the Western blotting). This was followed
by incubation with Protein A/G Plus agarose beads. After
washing the beads, the proteins were separated on a sodium
dodecyl sulfate–polyacrylamide gel electrophoresis, and
were immunoblotted for Sos1, following the standard pro-
cedures routinely used in the laboratory (41).

Retinal cryosection

Enucleated eye balls were washed in phosphate buffered
saline (PBS) and fixed in 4% paraformaldehyde for 4 h. After
three washes with PBS, they were incubated overnight at 4�C
in 5% sucrose, and this was followed by incubations in 10%
and 15% sucrose each for 1 h. The tissue was then incubated
overnight at 4�C in a solution containing equal volumes of
20% sucrose and optimal cutting temperature (OCT) me-
dium. Finally, it was casted onto OCT medium in a mold and

FIG. 7. Effect of diabetes
on p66Shc and p53 binding
at its promoter. Retina from
streptozotocin-induced dia-
betic rats was used to prepare
(a) microvessels by the hypo-
tonic shock method. Tran-
scripts of p66Shc and Sos1
were quantified by qPCR us-
ing b-Actin as a housekeeping
gene and (b) cryosections
(8 lm) to analyze Rac1 inter-
action with Sos1 by immuno-
fluorescence staining using
Texas Red (red) and DyLight
488 (green) labeled secondary
antibodies, respectively.
Fluorescence intensity of the
colocalized p66Shc-Rac1 was
quantified; the insets show
magnified vascular areas. (c)
P53 binding and (d) H3K9Ac
at p66Shc promoter were de-
termined in retinal micro-
vessels by ChIP assay. Values
obtained from normal rat reti-
nal microvessels are consid-
ered as 1 (or 100%), and are
mean – SD of five to six mice
per group. *p < 0.05 compared
with normal. GCL/IPL, gan-
glion cell layer/inner plexi-
form layer; INL, inner nuclear
layer; Norm and Diab, normal
and diabetic rats, respectively;
ONL, outer nuclear layer.
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kept at -20�C. Using cryotome, 8 lM thick retinal sections
were prepared for immunofluorescence analysis (39).

Immunofluorescence imaging

Cellular colocalization of Sos1-Rac1 and Pin1-phosphorylated
p66Shc was examined in crosslinked HRECs or retinal
cryosections by immunofluorescence technique using target-
specific primary antibodies (the same antibodies as used for
Western blotting) and DyLight 488 (green) or Texas-red
(red)-conjugated secondary antibodies. The primary anti-
bodies were diluted 1:200, and the secondary antibodies were
diluted 1:500. Mitochondrial localization of p66Shc was ex-
amined using CoxIV (1:200; Cat. No. sc58348; Santa Cruz
Biotechnology) as a mitochondrial marker. Immunolabeled
cells were mounted using DAPI-containing (blue) VECTA-
SHIELD mounting medium (Vector Laboratories, Burlin-
game, CA), and the slides were imaged under a Zeiss
ApoTome fluorescence microscope using 40 · magnification
(39, 41). Fluorescence intensity was quantified using Ax-
iovision Rel 4.8 software.

Isolation of mitochondria

Mitochondria were prepared using mitochondria isolation
kit from ThermoFisher (Pierce, Rockford, IL) (33). In brief,
after digesting the homogenized samples with the kit re-
agents, samples were centrifuged at 700 · g for 10 min, fol-
lowed by centrifugation at 3000 · g for 15 min. The pellet
thus obtained was washed, suspended in PBS, and used for
the quantification of mitochondrial ROS.

Active Rac1 assay

Active Rac1 was quantified using the G-LISA colorimetric
assay kit (Cytoskeleton, Denver, CO), as described previ-
ously (32, 34).

ROS quantification

ROS were quantified fluorometrically using dichlorodihydro-
fluorescein diacetate (DCFH-DA). In brief, 5lg protein (ho-
mogenate or mitochondria) was incubated with 4lM DCFH-DA

FIG. 8. Mitochondrial
localization of p66Shc in
diabetes. (a) Mitochon-
drial localization of p66Shc
was quantified in the rat retinal
cryosections by immunofluo-
rescence staining using Texas
Red and DyLight 488 labeled
secondary antibodies for
p66Shc and CoxIV (mitochon-
drial marker), respectively. (b)
Pin1p-p66Shc colocalization
was quantified by immunofluo-
rescence staining using Texas
Red and DyLight 488 labeled
secondary antibodies, respec-
tively, the insets show magni-
fied vascular areas. (c) Pin1
expression in retinal micro-
vessels (hypotonic shock) was
quantified by qPCR using b-
Actin as a housekeeping gene.
Values are represented as
mean – SD from five to six rats
per group. *p < 0.05 compared
with normal.
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for 10 min, and fluorescence was measured at 485 nm excitation
and 535 nm as emission wavelengths (32, 33).

Mitochondrial ROS were also quantified in the live HRECs
using MitoSOX� red mitochondrial superoxide indicator and
mitotracker green as the mitochondrial marker (44, 54). In
brief, the cells were washed with PBS, and incubated with

5 lM MitoSOX red and 200 nM mitotracker green (Thermo
Fisher Scientific) for 10 min at 37�C. The fluorescence was
examined under a Zeiss ApoTome using 40 · objective.
HRECs incubated in 5 lM MitoSOX red maintained their
phenotype, and the results using 2 lM MitoSOX red were not
different from those using 5 lM MitoSOX red.

Oxidatively modified DNA

OHdG levels were measured using an ELISA kit from
OXIS Research (8-OHdG-EIA, Portland, OR), as described
by us previously (31). DNA isolated by the phenol–chlo-
roform method was suspended in the elution buffer. 8-OHdG
standard (2–200 ng/mL) or 2.0 lg DNA was incubated at
37�C for 1 h with monoclonal antibody against 8-OHdG in a
microtiter plate precoated with 8-OHdG. The final color was
developed by the addition of 3, 3¢, 5, 5¢-tetramethylbenzidine,
and absorbance was measured at 450 nm.

Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed using a
kit from Millipore Corp. (Temecula, CA). In brief, im-
munoprecipitated protein–DNA complex (120 lg) was in-
cubated with 3 lg antibody against H3K9Ac or p53 (Cat. Nos.
ab4441, ab1101; Abcam). DNA fragments were recovered by
phenol–chloroform–isoamyl alcohol; ethanol precipitated and
was analyzed by qPCR. Normal rabbit IgG was used as neg-
ative antibody control and DNA from the input (20 lg protein–
DNA complex) was used as an internal control (40, 41).

Mitochondrial damage

Genome-specific quantitative extended length PCR was
performed to assess mtDNA damage using the methods re-
ported previously (32). In brief, long (8.8 kb) and short (223 bp)

FIG. 9. A schematic of the signaling events. Our model shows that in diabetes, decreased expression of Sirt1 increases
H3K9 acetylation at p66Shc promoter and p53 transcription factor binding, which subsequently increases p66Shc ex-
pression. Cytosolic accumulation of p66Shc leads to increase in its binding with Grb2 and releasing Sos1 from Sos1–Grb2
complex. Sos1, thus, by replacing GDP with GTP, activates Rac1 and consequently induces Nox2-mediated cytosolic ROS
production. In addition, increased p66Shc phosphorylation (p-p66Shc) facilitates its Pin1-mediated isomerization and mito-
chondrial localization. In mitochondria, it oxidizes Cyt c, generates ROS, and damages mitochondrial DNA and membranes.
Cyt c release in the cytoplasm is increased, activating the apoptotic machinery, and ultimately, the development of retinopathy.
Cyt c, cytochrome c; GDP, guanosine diphosphate; GTP, guanosine triphosphate; Nox, NADPH oxidase.

Table 1. Primer Sequence

Gene Sequence

Human
p66Shc 5¢-TCTCTGTCATCGCTGGAGGA-3¢

5¢-ATGAAGCTGATGGGGAAGGC-3¢
Sos1 5¢-CCCCGGGGGCACCAT-3¢

5¢-GGATGAACTTGCCCCTGGAC-3¢
Grb2 5¢-AAGCTACTGCAGACGACGAG-3¢

5¢-CTTGGCTCTGGGGATTTTGC-3¢
Pin1 5¢-CAGAGCGCGTCTAGCCA-3¢

5¢-TGGTTGAAGTAGTACACTCGGC-3¢
p53 at p66Shc

promoter
5¢-GATTTCAGCAACGCGAGCAG-3¢
5¢-AAAGGTGGCCGGAGGTTGTA-3¢

b-Actin 5¢-AGCCTCGCCTTTGCCGATCCG-3¢
5¢-TCTCTTGCTCTGGGCCTCGTCG-3¢

Rat
p66Shc 5¢-GACTAGGCTAAGGGTCTGGG-3¢

5¢-CCTCCTCCAGCGATGACAGA-3¢
Sos1 5¢-GTCTGCAGCGTGTTCGATTC-3¢

5¢-GGCAGACTCTGGTCGTCTTC-3¢
Pin1 5¢-AGAAGCGTATGAGTCGCAGC-3¢

5¢-CTCCGAGATTGGCTGTGCTT-3¢
p53 at p66Shc

promoter
5¢-CCCCTTCCTTACACAAGCCA-3¢
5¢-GGGAGAACGTAGCAAAAGCG-3¢

b-Actin 5¢-CCTCTATGCCAACACAGTGC-3¢
5¢-CATCGTACTCCTGCTTGCTG-3¢

Grb2, growth factor receptor-bound protein 2; Pin1, peptidyl-
prolyl cis/trans isomerase 1; Sos1, Son of Sevenless 1.
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mtDNA regions were amplified using semiquantitative PCR,
and the amplified products were resolved on agarose gel. Re-
lative amplification was quantified by normalizing the intensity
of the short product to the long product (223 bp/8.8 kb).

Apoptosis

Cell apoptosis was determined by quantifying the presence
of oligonucleosomes in the cytosolic fraction of the cells using
monoclonal antibodies directed against DNA and histones,
followed by incubation in a mixture of peroxidase-conjugated
anti-DNA and biotin-labeled antihistone in a streptavidin-
coated plate (Cell Death Detection ELISAPLUS kit; Roche
Diagnostics, Indianapolis, IN). The plate was washed thor-
oughly, incubated with 2, 20-azino-di-[3-ethylbenzthiazoline
sulfonate] diammonium salt, and the absorbance was measured
at 405 nm (32, 39).

Statistical analysis

Results were analyzed using Sigma Stat software (San Jose,
CA), and the data are presented as mean – standard deviations.
Statistical test between two groups was carried out by t-test or
Mann–Whitney rank-sum test. For multiple comparisons for
the data with normal distribution, one-way analysis of variance
followed by Student–Newman–Keul’s test was performed;
p < 0.05 was considered as statistically significant.
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Abbreviations Used

cDNA¼ complementary DNA
CH2¼ collagen homology-2

Ct¼ cycle threshold
Cyt c¼ cytochrome c

DCFH-DA¼ dichlorodihydrofluorescein diacetate
DMEM¼Dulbecco’s modified Eagle’s medium
ELISA¼ enzyme-linked immunosorbent assay

GEF¼ guanine exchange factor
Grb2¼ growth factor receptor-bound protein 2

H3K9Ac¼ histone 3 lysine 9 acetylation
HRECs¼ human retinal endothelial cells
mRNA¼messenger RNA

mtDNA¼mitochondrial DNA
Nox¼NADPH oxidase

OCT¼ optimal cutting temperature
PBS¼ phosphate buffered saline
Pin1¼ peptidyl-prolyl cis/trans isomerase 1

PKCb¼ protein kinase C, b-isoform
qPCR¼ quantitative real-time polymerase chain

reaction
Rac1¼Ras-related C3 botulinum toxin substrate 1
ROS¼ reactive oxygen species

siRNA¼ small interfering RNA
Sirt1¼ sirtuin 1
Sos1¼ Son of Sevenless 1
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