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FOXOL1 plays an essential role in apoptosis of retinal pericytes
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Purpose: An early and significant event in diabetic retinopathy is the loss of retinal microvascular pericytes. Studies were
performed to investigate pathways through which an advanced glycation endproduct and tumor necrosis factor (TNF)-a
stimulate apoptosis in retinal pericytes through the activation of the pro-apoptotic transcription factor Forkhead box O1
(FOXOl).

Methods: Human retinal pericytes were stimulated by carboxymethyllysine (CML)-collagen, an advanced glycation
endproduct, or TNF-a in vitro. Apoptosis was assessed by measuring cytoplasmic histone-associated DNA. The role of
FOXO1 was examined by RNA interference (RNA1), and specific inhibitors were used to investigate the role of p38 and
Jun N-terminal kinase mitogen-activated protein kinase (JNK MAP) kinases, Akt, and nuclear factor kappa B (NF-kB).
Caspase-3 activity was measured with a luminescent substrate, and FOXO1 DNA-binding activity was measured by
electrophoretic mobility shift assay (EMSA).

Results: TNF-a and CML-collagen but not control collagen stimulated apoptosis, caspase-3 activity, and FOXO1 DNA-
binding activity in pericytes. Silencing FOXO1 by small interfering RNA prevented apoptosis of pericytes in response to
both TNF-a and CML-collagen. By use of specific inhibitors, we demonstrated that both FOXO1 activation and subsequent
apoptosis was mediated, in part, by p38 and JNK MAP kinases. In contrast Akt and NF-kB inhibitors had the opposite
effect on pericyte apoptosis.

Conclusions: The results demonstrate pathways through which two different mediators, TNF-a and an advanced glycation
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endproduct, can induce pericyte apoptosis through activation of the transcription factor FOXO1.

Diabetes mellitus is the most frequent endocrine disease,
causing a high degree of morbidity and contributing to
elevated rates of mortality. One of the principle long-term
complications of diabetes is microangiopathy, which affects
various organs and contributes to diseases such as diabetic
retinopathy, neuropathy, and nephropathy [1,2]. An early
histopathologic feature of diabetic retinopathy is selective
degeneration of pericytes in the retinal capillary vessels. It has
been shown that pericytes of diabetic retinas undergo changes
consistent with apoptosis [3,4]. Pericytes do not replicate in
the adult retina and their degeneration contributes to increased
vascular permeability and retinal edema [5,6]. The loss of
pericytes is thought to result in focal retinal capillary
endothelial cell proliferation, leading to microaneurysms or
degeneration of endothelial cells, and forming acellular
capillaries, which can lead to subsequent formation of areas
of nonperfusion [7].

Mechanisms proposed to account for pericyte apoptosis
include formation of advanced glycation endproducts (AGE)
and retinal inflammation [8,9]. It has been shown that AGE
can induce dose- and time-dependent apoptotic effects on
pericytes [10]. Tumor necrosis factor (TNF)-a also has been
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found in human retinas with proliferative diabetic retinopathy
[11,12] and has been shown to induce apoptosis of retinal
endothelial cells [13]. Interestingly, anti-inflammatory drugs
prevent early events in diabetic retinopathy via TNF-o
suppression [14], and TNF-a inhibition in vivo reduces the
loss of microvascular cells [9]. While AGE and inflammatory
signals may play an important role in the process of pericyte
apoptosis, it is important to consider that these events are
initiating signals, and therefore it is necessary to investigate
their downstream targets.

We recently demonstrated that both AGE and TNF-a can
promote apoptosis by activation of the Forkhead box O1
(FOXO1) transcription factor that, in turn, changes the
balance of gene expression toward apoptosis [15-17].
Interestingly, high levels of FOXO1 have been reported in
diabetes, but the scope of these studies has focused on the
effect of FOXO1 on mRNA levels of genes that increase
glucose production, thereby contributing to hyperglycemia in
diabetes [18]. Since diabetes can increase FOXO1 activity and
potentiate cells toward apoptosis, it is logical to assume that
FOXO1 may also play a role in apoptosis of pericytes.

The forkhead box class-O (FOXO) winged helix
transcription factors are orthologs of the Caenorhabditis
elegans forkhead factor DAF-16 [19,20]. Forkhead
transcription factors FOXO1, FOX03, and FOXO4 (formally
known as FKHR, FKHR-LI, and AFX, respectively)
modulate apoptosis through gene expression [19,20]. FOXO1
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activation, in particular, has a global effect on apoptotic gene
expression and induces approximately 25 pro-apoptotic genes
that promote cell death [17]. Furthermore, FOXOI1 is
activated in the retina of diabetic animals and its knockdown
significantly reduces formation of acellular capillaries and
formation of pericyte ghosts [21].

One possible pathway through which FOXO1 can be
activated in response to diabetes is through the mitogen-
activated protein (MAP) kinase pathway [22]. There are three
major convergence points in the MAP kinase pathway
involving p38, c-Jun NH2-terminal kinase (JNK), and
extracellular signal-related protein kinase (ERK). p38 and
JNK in most cell types generate pro-apoptotic signals, while
ERK mediates typically a survival (anti-apoptotic) signal
[23,24]. The purpose of the experiments described here was
to investigate whether FOXO1 plays a functional role in
apoptosis of retinal pericytes induced by TNF-a and
carboxymethyllysine (CML)-collagen through in vitro studies
and to examine whether the MAP kinase pathway mediates
FOXO1 activation, which is induced by both stimuli in
microvascular pericytes.

METHODS
Pericyte cultures: Primary bovine retinal pericytes were
purchased from VEC Technologies (Rensselaer, NY). Cells
were cultured in Dulbecco’s modified Eagle's medium
(DMEM) medium (Cambrex, Charles City, [A) supplemented
with 20% fetal bovine serum (FBS). Assays were performed
at passage 2 or 3. Prior to assay cells were incubated in serum-
free DMEM medium for 2 days. For all assays cells were
tested at approximately 70%—80% confluence in serum-free
medium. In some cases cells were preincubated for 2 h with
or without signaling inhibitors purchased from Calbiochem
(LaJolla, CA) as follows: p38 inhibitor SB203580 (4-4[4-
fluorophenyl]-2-[4-methylsulfinylphenyl]-5-[4-pyridyl] 1H-
imidazole), 10 uM [25]; the AKT inhibitor, triciribine, 1 pl

[26]; and INK inhibitory peptide H-
GRKKRRQRRRPPRPKRPTTLNLFPQVPRSQDT-NH2
(L-HIV-TAT 48-57 PP-JBD20), 10 uM [27]. The

concentrations of inhibitors were selected based on published
studies [25-27]. The same approach was used to inhibit
nuclear factor (NF)-xB with the specific NF-kB inhibitor
SN50 (100 pg/ml), which was compared to incubation with
SN50M control peptide that lacks activity (100 pg/ml;
Biomol, Plymouth Meeting, PA). For apoptosis assays cells
were incubated with TNF-a (R and D, Minneapolis, MN) or
CML-collagen with or without inhibitors or small interfering
(si)RNA for 24 h, as described below. For electrophoretic
mobility shift assay (EMSA), cells were incubated for 1 h in
assay medium with or without 20 ng/ml of TNF-a or CML-
collagen (200 pg/ml). Cells were then lysed with lysis buffer
(Pierce, Rockford, IL), nuclei obtained by centrifugation at
12,000x g for 10 min, and nuclear proteins isolated using
nuclear extraction buffer (25 mM Tris-HCI pH 7.6, 150 mM
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NaCl, 1% NP-40, 1% Sodium deoxycholate and 0.1% SDS,
Pierce). For caspase-3 activity lysates were prepared using
cell lysis buffer provided by R and D systems. After
centrifugation at 12,000x g for 10 min at 4 °C, total protein
was quantified using a bicinchoninic acid (BCA) protein assay
kit (Pierce). Caspase-3 activity was detected by using the
specific caspace-3 fluorogenic substrate Asp-Glu-Val-Asp
(DEVD) peptide conjugated to 7-amino-4-trifluoromethyl
coumarin. Measurements were made on a GENios microplate
reader (Tecan, Durham NC) using a filter for excitation (400
nm) and detection of emitted light (505 nm). Buffers without
cell lysate and cell lysates without substrate were used as
negative controls. Statistical significance was established by
ANOVA (ANOVA) with Tukey’s post hoc test.

CML-collagen: CML-collagen (AGE-collagen) was prepared
by chemical modification of acid-soluble bovine skin collagen
type-1 (Sigma, St Louis, MO), as previously described [28,
29]. Briefly, 50 mg of collagen was dissolved in 25 ml of 1 mM
HCI freshly made in sterile water and incubated at 37 °C with
occasional mixing. Sterile phosphate buffered saline (PBS;
PH 7.8, 25 ml) was added, followed by sodium
cyanoborohydride (1.42 g) and sodium glyoxyliate acid
(0.715 g). Control collagen was prepared at the same time
except that no glyoxyliate acid was added. All samples were
then incubated at 37 °C for 24 h. AGE collagen and control
collagen were then exhaustively dialyzed against distilled
water. Both CML-collagen and control collagen were soluble
at the concentrations stored and tested. In total, 3%—-8% of
lysine residues in CML-collagen was converted to CML, as
determined by the trinitrobenzenesulfonic acid assay [30].
Based on this level of modification, 200 pg/ml of CML-
collagen would represent approximately 4.8 nmol/ml of
carboxymethylysine, which approximates the levels of
carboxymelthylysine reported in serum (approximately 2.6
nmol/ml) [31]. The collagen modification that we generated
is tenfold less than the amount reported to assess CML binding
and activation of NF-«xB [28] and only a small amount higher
than has been reported for the skin of aged or diabetic
individuals [32]. Low levels of endotoxin were detected;
approximately 0.1 ng/ml in both control collagen and CML-
collagen samples.

Electrophoretic mobility shift assay: Interactions between
nuclear proteins and FOXO1 DNA probe (CAAAACAA)
were investigated using an EMSA kit from Panomics
(Redwood City, CA), following the manufacturer’s
instruction and as previously reported [33]. Briefly, samples
were incubated with the biotin-labeled DNA probe, followed
by separation of the mixture on a non-denaturing
polyacrylamide gel and assessed for shifted bands that
correspond to the protein/DNA complexes. Specificity was
demonstrated for each by adding 60-fold molar excess of
unlabeled oligonucleotide. Each experiment was performed
two to three times with similar results.
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Small interfering RNA experiments: Experiments were
performed in retinal pericytes that were approximately 70%—
80% confluent, as described above. Cells were transfected
with siRNA (5 nM), by pre-mixing siRNA with Hiperfect
transfection reagent (Qiagen) and then adding the mixture to
cells following the manufacturer’s instructions. siRNAs
specific for FOXO1 were designed by Qiagen to be
nonhomologous with other genes. Two different FOXO1-
based siRNAs were used: strongly silencing (siRNA-A, AAG
CCC TGG CTC TCA CAG CAA) and partially silencing
(siRNA-B, AAG TTC ATT CGT GTG CAG AAT), which
correspond to sequences previously described [17]. In
addition, scrambled siRNA (AAT TCT CCG AAC GTG TCA
CGT) was also used as a control. Apoptosis was measured by
detecting cytoplasmic histone-associated DNA (Roche,
Indianapolis, IN). Experiments were performed three times.
The statistical difference between samples was determined by
ANOVA followed by Tukey’s multiple comparison test.
RESULTS

In vitro experiments demonstrated that apoptosis is increased
in retinal pericytes with increased concentrations of TNF-a in
a dose-dependent manner (Figure 1A). TNF-a at 20 ng/ml
increased apoptosis in pericytes sevenfold compared with the
control, which was statistically significant (p<0.05).
Similarly, CML-collagen induced a dose-dependent increase
in pericyte apoptosis, while control collagen did not (Figure
1B). CML-collagen compared with unmodified collagen
induced a 2.9-fold increase in apoptosis (p<0.05; Figure 1B).
When caspase-3 activity was measured, a similar increase was
observed (Figure 1C). TNF-a (20 ng/ml) increased caspase-3
activity 7.8-fold compared to unstimulated cells, while CML-
collagen, compared with control collagen at a concentration
0f 200 pg/ml, increased caspase activity 3.2-fold (p<0.05). In
subsequent studies a concentration of 20 ng/ml TNF-a and
200 pg/ml CML-collagen or control collagen was used, unless
stated otherwise.

Studies were undertaken to determine whether TNF-a or
CML-collagen stimulated DNA-binding activity of FOXO1
by EMSA. In the absence of TNF-a or CML-collagen
stimulation, insignificant amounts of FOXO1 activation were
detected in retinal pericytes (Figure 2). Incubation with TNF-
a (20 ng/ml) or CML-Collagen (200 pg/ml) induced FOXO1
DNA-binding activity. This was shown to be specific by
competitive inhibition with excess unlabeled FOXO1 probe
(Figure 2).

siRNA studies were next performed to establish the
functional role of FOXOI1 activation as an essential
component in TNF-a-stimulated retinal pericyte apoptosis
(Figure 3). Cells were pre-incubated for 48 h with siRNA,
which was previously shown to be a strong FOXO1 silencer
(siRNA-A), a partial silencer (siRNA-B), or scrambled
siRNA, as discussed in the Methods section. In the presence

of siRNA-A, binding activity of FOXO1 in response to TNF-
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Figure 1. Tumor necrosis factor-alpha (TNF-0) and Advanced
glycation endproduct (AGE) induce apoptosis in pericytes in vitro.
Primary bovine retinal pericytes were incubated with the indicated
concentration of (A) TNF-a (0-20 ng/ml) or (B)
carboxymethyllysine (CML)-collagen or unmodified collagen (0—
400 pg/ml) . Cells were lysed after 24 h and apoptosis was measured
by ELISA measurement of histone-associated cytoplasmic DNA.
C: Caspase-3 activity was measured by fluorometric assays in lysates
from cultured primary bovine retinal pericytes incubated with CML-
collagen, unmodified collagen (200 pg/ml), or TNF-a (20 ng/ml) for
24 h. Each value represents the mean of five replicateststandard error
of the mean. The experiment was performed three times with similar
results. *, p<0.05 significantly differs from control unstimulated
cells or unmodified control collagen.
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o (20 ng/ml) stimulation decreased significantly, while
siRNA-B had a partial effect and scrambled siRNA was not
able to decrease FOXO1 DNA-binding activity (Figure 3A).
To further investigate the functional role of FOXO1 activity
on TNF-a- or CML-collagen-induced apoptosis, we measured
pericyte apoptosis in the presence of different siRNAs. In the
absence of TNF-a stimulation, there was little apoptosis,
which was not affected by transfection with siRNA-A (Figure
3B). TNF-a induced an eightfold increase in the level of
apoptosis (p<0.05). When transfected with strong silencing
siRNA-A, apoptosis was reduced approximately 71% and was
reduced by approximately 33% with moderately silencing
siRNA-B (Figure 3A,B). CML-collagen stimulated a
threefold increase in apoptosis (Figure 3C). Preincubation
with FOXO1 siRNA-A reduced the level of apoptosis in
response to CML-collagen by 60% (p<0.05). Transfection per
se was not responsible for the reduced apoptosis since
scrambled siRNA had no effect (Figure 3C).

To gain insight into how TNF-a or an AGE might regulate
FOXOI activation and apoptosis, specific inhibitors of the
MAP kinase signaling pathway were used. When retinal
pericytes were preincubated with p38 or JNK inhibitors, TNF-
a-induced FOXO1 DNA-binding activity was substantially
reduced, as determined by EMSA (Figure 4A). A similar
result was obtained in response to AGE-induced FOXO1
activation. Specificity was demonstrated by competitive
inhibition with excess unlabeled probe (Figure 4A). The same
inhibitors were then used to determine the functional role of
p38 and JNK in TNF-a- or AGE-induced apoptosis (Figure
4B,C). TNF-a stimulated an eightfold increase in apoptosis.
Apoptosis was reduced approximately 63% and 38% when
cells were incubated with JNK and p38 inhibitors,

FOXO1 e e
TNF -+ . .4 Py
CML-Collagen - - + - s s
Collagen - = - + = -
Competitive Probe - - - : + .
Non-competitive probe - - - - - +

Figure 2. Forkhead box O1 (FOXO1) was activated in response to
Tumor necrosis factor alpha (TNF-0) and advanced glycation
endproduct (AGE) in retinal pericytes. Primary bovine retinal
pericytes were stimulated with TNF-o (20 ng/ml),
carboxymethyllysine (CML)-collagen, or collagen (200 png/ml) for 1
h. After nuclear extraction, activation of FOXO1 was measured by
electrophoretic mobility shift assay (EMSA). Unlabeled FOXO1 in
excess was used as a competitive inhibitor. A probe with nonspecific
sequence (nonspecific oligonucleotide) was used as a negative
control. The experiment was performed three times with similar
results.
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respectively. However, when both inhibitors were used
simultaneously, TNF-a-stimulated apoptosis was reduced by
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Figure 3. Forkhead box O1 (FOXO1) plays a major role in tumor
necrosis factor-alpha (TNF-a)- or advanced glycation endproduct
(AGE)-induced apoptosis in retinal pericytes. A: Primary cultures of
retinal pericytes were transfected with different small interfering
RNAs (siRNAs) for 48 h. Cells were then stimulated with TNF-a
(20 ng/ml) for 1 h. After nuclear extraction, activation of FOXO1
was measured by electrophoretic mobility shift assay (EMSA).
Unlabeled FOXO1 in excess was used as a competitive inhibitor. A
probe with nonspecific sequence (nonspecific oligonucleotide) was
used as a negative control. The experiment was performed three
times with similar results. B and C: Primary cultures of retinal
pericytes were transfected with different siRNAs for 48 h. Cells were
then stimulated by TNF-a (20 ng/ml B) or carboxymethyllysine
(CML)-collagen (200 pg/ml C) for 24 h. Apoptosis was determined
by ELISA. Each value represents the mean of three replicates
+standard error of the mean and is representative of three
experiments. *, p<0.05 significantly differs from control; **, p<0.05,
significantly differs from TNF-a- or CML-collagen-stimulated cells.
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77%, which was greater than either inhibitor alone (p<0.05;
Figure 4B).

p38 inhibition decreased CML-collagen-induced
apoptosis 34%, and the INK inhibitor decreased apoptosis by
41%, both of which were statistically significant (p<0.05;
Figure 4C). However, when both inhibitors were used
simultaneously, CML-collagen-stimulated apoptosis was
reduced by 58%, which was greater than either inhibitor alone
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Figure 4. Jun N-terminal kinase (JNK) and P38 inhibitors block
tumor necrosis factor (TNF)-induced Forkhead box O1 (FOXO1)
activation and apoptosis. Primary bovine retinal pericytes were
preincubated with or without the p38 inhibitor or JNK inhibitor for
2 h, followed by TNF-a (20 ng/ml) or carboxymethyllysine (CML)-
collagen (200 pg/ml) stimulation. A: Activation of FOXOI1 in
response to TNF-a or CML-collagen stimulation (1 h) was measured
by electrophoretic mobility shift assay (EMSA). Unlabeled FOXO1
in excess was used as a competitive inhibitor. B: Effect of JNK and
P38 inhibitors on TNF-a-induced apoptosis (24 h) was determined
by ELISA. C: Effect of JNK and P38 inhibitors on AGE-induced
apoptosis (24 h) was determined by ELISA. Each value represents
the mean of three replicateststandard error of the mean and is
representative of three experiments. *, p<0.05 significantly differs
from control (B) or control collagen (C); **, p<0.05, significantly
differs from TNF-0- or CML-collagen-stimulated cells.
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(p<0.05; Figure 4C). Thus, both p38 and JNK arms of this
signaling pathway are involved in CML-collagen-induced
apoptosis. Doubling the concentration of p38 and JNK
inhibitors did not significantly increase their inhibitory effect
on TNF-a- or CML-collagen-stimulated apoptosis (data not
shown).

Akt, also known as protein kinase B, inhibits apoptosis
through multiple mechanisms, one of which is the
phosphorylation of FOXOI1, which prevents FOXOI
translocation to the nucleus [19]. Similarly, NF-kB in many
cell types is directly anti-apoptotic [34]. We further
investigated apoptosis by determining whether Akt or NF-xB
were affecting TNF-o-induced apoptosis. When Akt was
inhibited, the capacity of TNF-a to stimulate apoptosis
increased by 34% (Figure 5A), which was statistically
significant (p<0.05). To investigate the role of NF-xB in
apoptosis of pericytes, apoptosis of pericytes in the presence
of TNF-a and NF-kB inhibitor was measured. Inhibition of
NF-kB enhanced TNF-a-induced apoptosis by 41% (p<0.05;
Figure 5B).

DISCUSSION

Retinal capillaries are composed of pericytes and endothelial
cells. Pericytes and their processes located abluminally
surround a single layer of endothelial cells located luminally.
This unique localization allows pericytes to participate in the
control of retinal vascular contractility and tone [35,36]. The
studies of co-culture of endothelial cells and pericytes have
suggested that pericytes have both anti-apoptotic and
antiproliferative effects on endothelial cells [37]. The death
of pericytes is an early event in the pathogenesis of diabetic
retinopathy, and their loss is thought to compromise vessel
architecture, resulting in nonperfused acellular capillaries and
increased vascular leakiness [7]. The acellular capillaries, in
turn, contribute to ischemia and hypoxia of the retinal tissue,
a negative development in the pathogenesis of diabetic
retinopathy [10]. Mechanisms proposed to account for
pericyte apoptosis include rapid fluctuations of blood glucose
[38], increased Bax expression during hyperglycemia [39],
increased AGE formation [40], and TNF-a production [9].

Findings from this study suggest that FOXOI1 is an
important regulator of pericyte apoptosis that can work
downstream of different apoptotic signals. Previously it was
shown that activation of FOXO1 induces the global induction
of pro-apoptotic genes and is thought to tilt the intracellular
balance in an apoptotic direction [17,19,41]. In vitro
experiments showed that in response to TNF-o and AGE
stimulation retinal pericytes demonstrate high levels of
FOXO1 DNA-binding activity. That this represents a
mechanism for apoptosis in pericytes is supported by data that
shows siRNA-mediated silencing of FOXOI1 inhibits
apoptosis. Interestingly, FOXO1 in diabetes is mostly known
for its effect on insulin regulation of glucose production and
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insulin sensitivity [18,42,43]. Therefore, we suggest that the
elevation of FOXO1 in addition to other effects can play arole
in the pathogenesis of diabetic retinopathy through apoptosis
of pericytes. This suggestion is supported by recently
published findings that FOXO1 DNA-binding activity and
nuclear translocation is enhanced in the microvascular cells
in the retinas of type 1 and type 2 diabetic rats and that
knockdown of FOXO1 by siRNA reduces formation of
acellular capillaries and pericyte ghosts [21].

NF-«B activation in pericytes of diabetic retinas is closely
linked to ocular complications of diabetes [44], and its
activation has been suggested as one of the mechanisms for
induction of apoptosis in retinal pericytes [44]. Our findings
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Figure 5. Inhibition of AKT or nuclear factor kappa B (NF-xB)
enhances tumor necrosis factor-alpha (TNF-a)-induced apoptosis.
Primary bovine retinal pericytes were preincubated with or without
the Akt inhibitor, the specific NF-«B inhibitor (SN50), or the SN50M
control peptide that lacks activity for 2 h, followed by TNF-a (20 ng/
ml) stimulation in the presence of these molecules for 24 h. Apoptosis
was determined by ELISA. A: Effect of Akt inhibitor on TNF-a-
induced apoptosis was examined in pericytes. B: Effect of NF-kb
inhibitor on TNF-a-stimulated apoptosis in pericytes. Each value
represents the mean of three replicateststandard error of the mean
and is representative of three experiments. *, p<0.05 significantly
differs from the control; **, p<0.05, significantly differs from TNF-
a-stimulated cells.
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indicate that inhibition of NF-kB directly increases apoptosis
in the pericytes in vitro, which suggests that NF-«xB
contributes to cell survival. However, NF-kB may also have
indirect effects, particularly in a complex multicellular
environment where the inflammatory effects of NF-xB may
overcome its direct anti-apoptotic effects [34,45]. Recently
we reported that apoptotic balance within a cell depends on
the relative effects of NF-kB and FOXO1 activities [17]. TNF-
a induces FOXO1, which then stimulates pro-apoptotic gene
expression that occurs before apoptosis. Interestingly, TNF-a
also activates NF-kB, a survival transcription factor. This
would suggest that for TNF-a to induce apoptosis it must
overcome the effect of NF-kB-regulated “cell survival” genes,
a mechanism consistent with the need for FOXO1 activation.
That NF-kB inhibitors enhanced TNF-o-stimulated apoptosis
and FOXO1 siRNA inhibited TNF-a-stimulated apoptosis
suggests that this paradigm exists in pericytes and may be
particularly important in TNF-a-stimulated apoptosis.
Similarly, Akt is known to block the functional activity of the
FOXO transcription factors, including FOXO1 [42]. It has
been shown that during retinal degeneration inactivation of
Akt can contribute to apoptosis in photoreceptor cells [46].
This is in agreement with our findings that inhibition of Akt
further enhanced TNF-a-induced apoptosis, which indicates
that Akt functions as a survival factor in retinal pericytes.
Meanwhile, inhibition of JNK and p38 MAP kinases
substantially reduced the capacity of TNF-a to activate
FOXO1. We also found that TNF-o-induced pericyte
apoptosis was dependent upon these signaling pathways.
Thus, JNK and p38 may have pro-apoptotic effects that
include the activation of FOXO1.

Advanced glycation endproducts have been shown to
stimulate cellular activity, including apoptosis through
Receptor for Advanced Glycation Endproducts (RAGE)
signaling, and to activate NF-kB [15,28]. NF-«kB activation
and apoptosis are stimulated in retinal endothelial cells by
advanced glycation endproducts [47], and diabetic
retinopathy increases NF-kB activation, which is associated
with RAGE signaling in vivo [46]. Although it is well
documented that NF-kB is directly anti-apoptotic in many cell
types [45,48], NF-kB can indirectly promote apoptosis by
inducing apoptotic factors [44]. We found that AGEs can
stimulate activation of the transcription factor FOXO1, which
is directly pro-apoptotic. Findings that inhibitors of JNK and
p38 reduce AGE activation of FOXO1 suggests convergence
with the TNF-a stimulation at the MAP kinase pathway or
earlier. JNK and p38 may have pro-apoptotic effects that
include the activation of FOXO1, which is consistent with our
previous finding that showed that an AGE CML-collagen
induces apoptosis of fibroblasts through RAGE signaling and
activation of p38 and JNK MAP kinase pathways [22]. Thus,
studies presented here indicate AGEs and TNF-o could
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contribute to diabetic retinopathy through FOXO1-mediated
pericyte apoptosis.

ACKNOWLEDGMENTS

This work was supported by NIH Grants ROIDE017732,
RO1DE019108, and RO1EY014702.

10.

11.

12.

REFERENCES

Donnelly R, Emslie-Smith AM, Gardner ID, Morris AD. ABC
of arterial and venous disease: vascular complications of
diabetes. BMJ 2000; 320:1062-6. [PMID: 10764371]

Singleton JR, Smith AG, Russell JW, Feldman EL.
Microvascular complications of impaired glucose tolerance.
Diabetes 2003; 52:2867-73. [PMID: 14633845]

Mizutani M, Kern TS, Lorenzi M. Accelerated death of retinal
microvascular cells in human and experimental diabetic
retinopathy. J Clin Invest 1996; 97:2883-90. [PMID:
8675702]

Barber AJ, Lieth E, Khin SA, Antonetti DA, Buchanan AG,
Gardner TW. Neural apoptosis in the retina during
experimental and human diabetes. Early onset and effect of
insulin. J Clin Invest 1998; 102:783-91. [PMID: 9710447]

Oshitari T, Polewski P, Chadda M, Li AF, Sato T, Roy S. Effect
of combined antisense oligonucleotides against high-glucose-
and diabetes-induced overexpression of extracellular matrix
components and increased vascular permeability. Diabetes
2006; 55:86-92. [PMID: 16380480]

Dosso AA, Leuenberger PM, Rungger-Brandle E. Remodeling
of retinal capillaries in the diabetic hypertensive rat. Invest
Ophthalmol Vis Sci 1999; 40:2405-10. [PMID: 10476809]

Hammes HP, Lin J. Pericytes and the Pathogenesis of diabetic
retinopathy. Diabetes 2002; 51:3107-12. [PMID: 12351455]

Denis U, Lecomte M, Paget C, Ruggiero D, Wiernsperger N,
Lagarde M. Advanced glycation end-products induce
apoptosis of bovine retinal pericytes in culture: involvement
of diacylglycerol/ceramide production and oxidative stress
induction. Free Radic Biol Med 2002; 33:236-47. [PMID:
12106819]

Behl Y, Krothapalli P, Desta T, Dipiazza A, Roy S, Graves DT.
Diabetes-enhanced tumor necrosis factor-{alpha} production
promotes apoptosis and the loss of retinal microvascular cells
in type 1 and type 2 models of diabetic retinopathy. Am J
Pathol 2008; 172:1411-8. [PMID: 18403591]

Lecomte M, Denis U, Ruggiero D, Lagarde M, Wiernsperger
N. Involvement of caspase-10 in advanced glycation end-
product-induced apoptosis of bovine retinal pericytes in
culture. Biochim Biophys Acta 2004; 1689:202-11. [PMID:
15276646]

Armstrong D, Augustin AJ, Spengler R, Al-Jada A, Nickola T,
Grus F, Koch F. Detection of vascular endothelial growth
factor and tumor necrosis factor alpha in epiretinal
membranes of proliferative diabetic retinopathy, proliferative
vitreoretinopathy and macular pucker. Ophthalmologica
1998; 212:410-4. [PMID: 9787233]

Limb GA, Chignell A, Green W, LeRoy F, Dumonde D.
Distribution of TNF alpha and its reactive vascular adhesion
molecules in fibrovascular membranes of proliferative
diabetic retinopathy. Br J Ophthalmol 1996; 80:168-73.
[PMID: 8814750]

414

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

© 2010 Molecular Vision

Zhao B, Ma A, Cai J, Boulton M. VEGF-A regulates the
expression of VEGF-C in human retinal pigment epithelial
cells. Br J Ophthalmol 2006; 90:1052-9. [PMID: 16687456]

Joussen AM, Poulaki V, Mitsiades N, Kirchhof B, Koizumi K,
Dohmen S, Adamis AP. Nonsteroidal anti-inflammatory
drugs prevent early diabetic retinopathy via TNF-alpha
suppression. FASEB J 2002; 16:438-40. [PMID: 11821258]

Alikhani Z, Alikhani M, Boyd CM, Nagao K, Trackman PC,
Graves DT. Advanced glycation end products enhance
expression of pro-apoptotic genes and stimulate fibroblast
apoptosis through cytoplasmic and mitochondrial pathways.
J Biol Chem 2005; 280:12087-95. [PMID: 15590648]

Alikhani M, Alikhani Z, Raptis M, Graves DT. TNF-alpha in
vivo stimulates apoptosis in fibroblasts through caspase-8
activation and modulates the expression of pro-apoptotic
genes. J Cell Physiol 2004; 201:341-8. [PMID: 15389560]

Alikhani M, Alikhani Z, Graves DT. FOXOI1 functions as a
master switch that regulates gene expression necessary for
tumor necrosis factor-induced fibroblast apoptosis. J Biol
Chem 2005; 280:12096-102. [PMID: 15632117]

Puigserver P, Rhee J, Donovan J, Walkey CJ, Yoon JC, Oriente
F, Kitamura Y, Altomonte J, Dong H, Accili D, Spiegelman
BM. Insulin-regulated hepatic gluconeogenesis through
FOXO1-PGC-1[alpha] interaction. Nature 2003; 423:550-5.
[PMID: 12754525]

Burgering BM, Medema RH. Decisions on life and death:
FOXO Forkhead transcription factors are in command when
PKB/Akt is off duty. J Leukoc Biol 2003; 73:689-701.
[PMID: 12773501]

Burgering BM, Kops GJ. Cell cycle and death control: long live
Forkheads. Trends Biochem Sci 2002; 27:352-60. [PMID:
12114024]

Behl Y, Krothapalli P, Desta T, Roy S, Graves DT. FOXO1
plays an important role in enhanced microvascular cell
apoptosis and microvascular cell loss in type 1 and type 2
diabetic rats. Diabetes 2009; 58:917-25. [PMID: 19168598]

Alikhani M, Maclellan CM, Raptis M, Vora S, Trackman PC,
Graves DT. Advanced glycation end products induce
apoptosis in fibroblasts through activation of ROS, MAP
kinases, and the FOXO1 transcription factor. Am J Physiol
Cell Physiol 2007; 292:C850-6. [PMID: 17005604]

Johnson GL, Lapadat R. Mitogen-activated protein kinase
pathways mediated by ERK, JNK, and p38 protein kinases.
Science 2002; 298:1911-2. [PMID: 12471242]

Kumar S, Boehm J, Lee JC. p38 MAP kinases: key signalling
molecules as therapeutic targets for inflammatory diseases.
Nat Rev Drug Discov 2003; 2:717-26. [PMID: 12951578]

Iwasaki S, Iguchi M, Watanabe K, Hoshino R, Tsujimoto M,
Kohno M. Specific activation of the p38 mitogen-activated
protein kinase signaling pathway and induction of neurite
outgrowth in PC12 cells by bone morphogenetic protein-2. J
Biol Chem 1999; 274:26503-10. [PMID: 10473611]

Yang L, Dan HC, Sun M, Liu Q, Sun XM, Feldman RI,
Hamilton AD, Polokoff M, Nicosia SV, Herlyn M, Sebti SM,
Cheng JQ. Akt/protein Kinase B signaling inhibitor-2, a
selective small molecule inhibitor of Akt signaling with
antitumor activity in cancer cells overexpressing Akt. Cancer
Res 2004; 64:4394-9. [PMID: 15231645]


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10764371
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14633845
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8675702
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8675702
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9710447
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16380480
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10476809
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12351455
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12106819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12106819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18403591
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15276646
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15276646
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9787233
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8814750
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8814750
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16687456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11821258
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15590648
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15389560
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15632117
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12754525
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12754525
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12773501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12773501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12114024
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12114024
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19168598
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17005604
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12471242
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12951578
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10473611
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15231645
http://www.molvis.org/molvis/v16/a46

Molecular Vision 20105 16:408-415 <http://www.molvis.org/molvis/v16/a46>

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Barr RK, Kendrick TS, Bogoyevitch MA. Identification of the
critical features of a small peptide inhibitor of JNK activity.
J Biol Chem 2002; 277:10987-97. [PMID: 11790767]

Kislinger T, Fu C, Huber B, Qu W, Taguchi A, Du Yan S,
Hofmann M, Yan SF, Pischetsrieder M, Stern D, Schmidt
AMN. (epsilon)-(carboxymethyl)lysine adducts of proteins
are ligands for receptor for advanced glycation end products
that activate cell signaling pathways and modulate gene
expression. J Biol Chem 1999; 274:31740-9. [PMID:
10531386]

Santana RB, Xu L, Chase HB, Amar S, Graves DT, Trackman
PC. A role for advanced glycation end products in diminished
bone healing in type 1 diabetes. Diabetes 2003; 52:1502-10.
[PMID: 12765963]

Habeeb AF. Determination of free amino groups in proteins by
trinitrobenezenesilfonic acid. Anal Biochem 1966;
14:328-36. [PMID: 4161471]

Hein G, Wiegand R, Lehmann G, Stein G, Franke S. Advanced
glycation end-products pentosidine and N epsilon-
carboxymethyllysine are elevated in serum of patients with
osteoporosis. Rheumatology (Oxford) 2003; 42:1242-6.
[PMID: 12777635]

Dyer DG, Dunn JA, Thorpe SR, Bailie KE, Lyons TJ, McCance
DR, Baynes JW. Accumulation of Maillard reaction products
in skin collagen in diabetes and aging. J Clin Invest 1993;
91:2463-9. [PMID: 8514858]

Leenders H, Whitfield S, Benoist C, Mathis D. Role of the
forkhead transcription family member, FKHR, in thymocyte
differentiation. Eur J Immunol 2000; 30:2980-90. [PMID:
11069081]

Wang CY, Mayo M, Baldwin AJ. TNF- and cancer therapy-
induced apoptosis: potentiation by inhibition of NF-kappaB.
Science 1996; 274:784-7. [PMID: 8864119]

Joyce NC, Haire MF, Palade GE. Contractile proteins in
pericytes. II. Immunocytochemical evidence for the presence
of two isomyosins in graded concentrations. J Cell Biol 1985;
100:1387-95. [PMID: 3886666]

Betsholtz C, Lindblom P, Gerhardt H. Role of pericytes in
vascular morphogenesis. EXS 2005; (94):115-25. [PMID:
15617474]

D'Amore PA. Mechanisms of endothelial growth control. Am
J Respir Cell Mol Biol 1992; 6:1-8. [PMID: 1728288]

Li W, Liu X, Yanoff M, Cohen S, Ye X. Cultured retinal
capillary pericytes die by apoptosis after an abrupt fluctuation

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

© 2010 Molecular Vision

from high to low glucose levels: a comparative study with
retinal capillary endothelial cells. Diabetologia 1996;
39:537-47. [PMID: 8739913]

Podesta F, Romeo G. Bax is increased in the retina of diabetic
subjects and is associated with pericyte apoptosis in vivo and
in vitro. Am J Pathol 2000; 156:1025-32. [PMID: 10702418]

Yamagishi S, Inagaki Y, Okamoto T, Amano S, Koga K,
Takeuchi M, Makita Z. Advanced glycation end product-
induced apoptosis and overexpression of vascular endothelial
growth factor and monocyte chemoattractant protein-1 in
human-cultured mesangial cells. J Biol Chem 2002;
277:20309-15. [PMID: 11912219]

Birkenkamp KU, Coffer P. FOXO transcription factors as
regulators of immune homeostasis: molecules to die for? J
Immunol 2003; 171:1623-9. [PMID: 12902457]

Nakae J, Kitamura T, Silver DL, Accili D. The forkhead
transcription factor Foxol (Fkhr) confers insulin sensitivity
onto glucose-6-phosphatase expression. J Clin Invest 2001;
108:1359-67. [PMID: 11696581]

Nakae J, Biggs WH 3rd, Kitamura T, Cavenee WK, Wright CV,
Arden KC, Accili D. Regulation of insulin action and
pancreatic beta-cell function by mutated alleles of the gene
encoding forkhead transcription factor Foxol. Nat Genet
2002; 32:245-53. [PMID: 12219087]

Romeo G, Liu WH, Asnaghi V, Kern TS, Lorenzi M. Activation
of nuclear factor-kappaB induced by diabetes and high
glucose regulates a proapoptotic program in retinal pericytes.
Diabetes 2002; 51:2241-8. [PMID: 12086956]

Van Antwerp DJ, Martin S, Kafri T, Green D, Verma I.
Supression of TNFa -induced apoptosis by NFkB. Science
1996; 274:787-9. [PMID: 8864120]

Jomary C, Cullen J, Jones SE. Inactivation of the Akt survival
pathway during photoreceptor apoptosis in the retinal
degeneration mouse. Invest Ophthalmol Vis Sci 2006;
47:1620-9. [PMID: 16565401]

Kowluru RA. Effect of advanced glycation end products on
accelerated apoptosis of retinal capillary cells under in vitro
conditions. Life Sci 2005; 76:1051-60. [PMID: 15607333]

Wang X, Yue T, Ohlstein E, Sung C, Feuerstein G. Interferon-
inducible protein-10 involves vascular smooth muscle cell
migration, proliferation, and inflammatory response. J Biol
Chem 1996; 271:24286-93. [PMID: 8798675]

The print version of this article was created on 12 March 2010. This reflects all typographical corrections and errata to the article
through that date. Details of any changes may be found in the online version of the article.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11790767
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10531386
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10531386
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12765963
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12765963
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=4161471
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12777635
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12777635
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8514858
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11069081
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11069081
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8864119
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=3886666
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15617474
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15617474
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1728288
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8739913
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10702418
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11912219
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12902457
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11696581
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12219087
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12086956
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8864120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16565401
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15607333
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8798675
http://www.molvis.org/molvis/v16/a46

