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Inflammation plays an important role in diabetes-induced retinal
vascular leakage. The purpose of this study is to examine the role
of endoplasmic reticulum (ER) stress and the signaling pathway
of ER stress–induced activating transcription factor 4 (ATF4) in
the regulation of Müller cell–derived inflammatory mediators in
diabetic retinopathy. In diabetic animals, elevated ER stress
markers, ATF4, and vascular endothelial growth factor (VEGF)
expression were partially localized to Müller cells in the retina. In
cultured Müller cells, high glucose induced a time-dependent in-
crease of ER stress, ATF4 expression, and inflammatory factor
production. Inducing ER stress or overexpressing ATF4 resulted
in elevated intracellular adhesion molecule 1 and VEGF proteins
in Müller cells. In contrast, alleviation of ER stress or blockade of
ATF4 activity attenuated inflammatory gene expression induced
by high glucose or hypoxia. Furthermore, we found that ATF4
regulated the c-Jun NH2-terminal kinase pathway resulting in
VEGF upregulation. ATF4 was also required for ER stress–
induced and hypoxia-inducible factor-1a activation. Finally, we
showed that administration of chemical chaperone 4-phenylbutyrate
or genetic inhibition of ATF4 successfully attenuated retinal
VEGF expression and reduced vascular leakage in mice with
STZ-induced diabetes. Taken together, our data indicate that ER
stress and ATF4 play a critical role in retinal inflammatory signal-
ing and Müller cell–derived inflammatory cytokine production in
diabetes. Diabetes 61:492–504, 2012

D
iabetic retinopathy (DR) is a major complica-
tion of diabetes and often leads to severe visual
disabilities. Recent studies reveal that chronic
inflammation plays a causal role in the de-

velopment and progression of DR. During diabetes, the
retina expresses and produces high levels of proinflammatory
cytokines, such as vascular endothelial growth factor (VEGF),
and adhesion molecules, such as intercellular adhesion
molecule (ICAM)-1, which are actively involved in various
inflammatory responses in the diabetic retina. Depletion of
ICAM-1 successfully abrogated retinal leukostasis, capil-
lary cell death, and vascular leakage induced by diabetes

(1). Moreover, inhibition of VEGF by anti-VEGF therapies
has demonstrated promising results in ameliorating di-
abetic macular edema in diabetic patients (2–4). Thus,
identifying the key pathways that regulate inflammatory
genes in retinal cells may elucidate new therapeutic tar-
gets for developing strategies to prevent retinal complica-
tions of diabetes.

Müller cells, the principal glial cells in the retina, are
thought to be a major source of inflammatory factors in DR
(5). These cells expand radially across almost the whole
width of the retina, envelope neural synapses, and sur-
round retinal capillaries. In addition, Müller cells express
and secrete a number of growth factors and cytokines that
alter the function and survival of retinal neurons and
capillary cells. For example, Müller cells are activated at
the early stage of DR (5), producing high levels of VEGF
and expressing increased ICAM-1 when exposed to high
glucose (HG) (6). Conditional deletion of VEGF in Müller
cells significantly reduces leukostasis and vascular per-
meability in diabetic mice (7), suggesting that Müller cell–
derived VEGF is important for retinal inflammation and
vascular leakage in DR.

The endoplasmic reticulum (ER) is the primary cellular
organelle responsible for protein maturation. Recent grow-
ing evidence suggests that the ER also acts as a principal
stress sensor that through ER stress–triggered signaling
pathways or unfolded protein response (UPR), regulates
cell energy metabolism, redox status, inflammation, and cell
survival (8–10). In a previous study, we showed that ER
stress was increased in the retina of Akita mice, a sponta-
neous model of type 1 diabetes (11). Pharmaceutical in-
duction of ER stress in nondiabetic mouse eyes increased
retinal expression of inflammatory cytokine tumor necrosis
factor (TNF)-a and VEGF. In contrast, inhibition of ER stress
by chemical chaperone 4-phenylbutyrate (PBA) significantly
reduced retinal VEGF levels in diabetic and ischemic retinas
(11). These findings indicate that ER stress plays a causal
role in retinal inflammation. However, the mechanisms un-
derpinning ER stress–mediated inflammation are yet to be
determined.

In the current study, we investigated how ER stress
pathways regulate inflammatory genes in retinal Müller cells.
Our results demonstrate that hyperglycemia- and hypoxia-
induced ER stress stimulates activating transcription factor 4
(ATF4) activation, which cross talks with classic inflam-
matory signaling mediated by hypoxia-inducible factor
(HIF)-1a and c-Jun NH2-terminal kinase (JNK), leading to
upregulation of inflammatory genes in retinal Müller cells.
Inhibition of ATF4 or suppression of ER stress by chemical
chaperones successfully reduces retinal inflammation and
vascular permeability in diabetic animals, suggesting that
anti–ER stress therapy may hold promise as a potential
therapeutic for vascular leakage in DR.
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RESEARCH DESIGN AND METHODS

Materials. Tunicamycin (TM) was obtained from Sigma-Aldrich (St. Louis,
MO). PBA, tauroursodeoxycholic acid (TUDCA), and JNK inhibitor II (SP600125)
were purchased from Calbiochem (San Diego, CA). Protease inhibitor cocktail,
anti-VEGF, anti–ICAM-1, anti-ATF4, anti-CHOP (C/EBP homologous protein),
antiphospho-JNK, and anti-JNK antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-GS (glutamine synthase) antibody was
obtained from Millipore (Billerica, MA). Antiphospho–eIF2-a (eukaryotic
translation initiation factor 2-a) antibody was obtained from Cell Signaling
Technology (Boston, MA). Anti–eIF2-a, anti-ERN1 (ER to nucleus signaling 1),
and anti–HIF-1a antibodies were obtained from Novus Biologicals (Littleton,
CO). Anti-KDEL (Lys-Asp-Glu-Leu), antiphospho–IRE1-a (inositol-requiring
enzyme 1-a), and anti–b-actin antibodies were obtained from Abcam (Cam-
bridge, MA). Horseradish peroxidase–conjugated or biotinylated secondary
antibody, fluorescein isothiocyanate avidin, and DAPI were purchased from
Vector Laboratories (Burlingame, CA). Cy3-conjugated anti-rabbit IgG was
obtained from Jackson ImmunoResearch Laboratories (West Grove, PA).
Cell culture. Rat retinal Müller cells (rMC-1) were supplied by Vijay Sarthy
(Northwestern University, Evanston, IL) and maintained in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% FBS and 1% antibiotic/antimycotic
solution. To determine the expression of phospho–eIF2-a, phospho–IRE1-a,
and glucose regulated protein 78 (GRP78) in response to HG, 80% confluent
rMC-1 were quiescent in DMEM with 1% FBS for 8 h followed by treatment with
HG (25 mmol/L), normal glucose (5 mmol/L), or mannitol (25 mmol/L) for 0–24 h.
To detect the expression of ATF4, CHOP, ICAM-1, and VEGF in response to
HG, 50% confluent rMC-1 were treated in DMEM supplemented with 0.5% BSA
containing HG, normal glucose, or mannitol with daily medium replacement
for 72 h. Cells were harvested for biochemical or immunocytochemical assays.
Animal studies. C57BL/6 J mice were purchased from The Jackson Laboratory
(Bar Harbor, ME). Care, use, and treatment of all animals were in strict agreement
with the guidelines of the Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Visual Research and ap-
proved by the institutional animal care and use committees in the University of
OklahomaHealth Sciences Center. To induce diabetes, 8-week-old C57micewere
given five consecutive intraperitoneal injections of streptozotocin (STZ; 50 mg/kg
body wt/day) (Sigma-Aldrich) or vehicle as control. Four weeks after STZ in-
jection, mice were humanely killed and eyes harvested for analyses.
Periocular and intravitreal injection. Periocular injection was used for re-
peated delivery of PBA into the retina in diabetic mice as described previously
(11). Intravitreal injection was used for single delivery of adenovirus into the
vitreous using an UltraMicroPump (World Precision Instruments, Sarasota, FL)
(12). In brief, under a dissection microscope, an incision was made 1 mm be-
hind the limbus with a sharp-edge 31-gauge needle in deeply anesthetized mice.
The 34-gauge blunt needle mounted on a 10-mL microsyringe was inserted into
the vitreous cavity. One microliter of vehicle containing 109 viral particles was
delivered into the vitreous with one depression of the foot switch.
Adenovirus infection of rMC-1 cells. Adenoviruses expressing wild-type
ATF4 (Ad-ATF4WT) or a dominant negative mutant of ATF4 (Ad-ATF4DN) were
generated as described previously (13). Adenovirus-expressing green fluores-
cent protein (Ad-GFP) was used as a control. rMC-1 cells were infected with
adenoviruses at a multiplicity of infection of 10 or 20. Twenty hours after in-
fection, the adenovirus was removed and cells were cultured in DMEM con-
taining 0.5% BSA and 5 mmol/L glucose for 24 h to acquire quiescent before
desired treatment.
Immunocytochemistry. Cells were fixedwith ice-cold acetone for 10min. After
blocking with 3% BSA in phosphate-buffered saline for 1 h, cells were incubated
with rabbit anti–HIF-1a antibody (1:400) overnight at 4°C followed by secondary
Cy3-conjugated affinity-purified donkey anti-rabbit IgG (1:400) at room tem-
perature for 1 h. Nuclei were stained with DAPI. Slides were visualized and
photographed under a fluorescent microscope (Olympus AX70; Olympus America,
Center Valley, PA).
Immunohistochemistry. For frozen sections, the cornea and lens were re-
moved and the eyecups were fixed with 4% paraformaldehyde for 30 min. Eye-
cupswere then cryoprotectedwith a series of sucrose solution (10–30%) and cross
sections of the retina were obtained using a cryostat. Retinal sections were
immunostained using anti-GS (1:600), antiphospho–eIF2-a (1:100), anti-ATF4
(1:150), anti-GADD153 (1:100), and anti-VEGF (1:100) antibodies overnight at
4°C, followed by Cy3-conjugated or biotinylated secondary antibody and fluo-
rescein isothiocyanate avidin. The fluorescence was visualized under an Olympus
AX70 microscope.
Western blot analysis. Cells and retinas were lysed in radioimmunoprecipitation
assay lysis buffer. Western blot analysis was performed as described previously
(14). Primary antibodies used include antiphospho–eIF2-a (1:1,000), anti–eIF2-a
(1:5,000), anti-KDEL (1:5,000), anti–IRE1-a (1:1,000), anti-ERN1, anti–ICAM-1 (1:500),
anti-VEGF (1:500), anti–HIF-1a (1:2,000), anti-ATF4 (1:500), anti-GADD153 (1:500),
antiphospho-JNK (1:500), anti-JNK (1:500), and anti–b-actin (1:5,000) antibodies.

Statistical analysis. Values are expressed as mean 6 SD. Statistical analyses
were performed using one-way ANOVA with Bonferroni multiple comparison
test when comparing three or more groups or Student t test when comparing
two groups. Statistical differences were considered significant at P , 0.05.

RESULTS

Activation of ER stress and ATF4 in retinal Müller
cells in STZ-induced diabetic mice. STZ-induced diabetes
in mice is a commonly used model to study nonproliferative
DR. We examined retinal expression and cellular localization
of ER stress markers in this model at 4 weeks after STZ in-
jection. The markers include phosphorylated ER membrane
proteins, RNA-dependent protein kinase–like ER kinase
(PERK), and IRE1-a and the downstream effectors of the
PERK pathway, including phosphorylated eIF2-a (p–eIF2-a),
ATF4, and CHOP. We found that in the diabetic retina, p–
eIF2-a level was markedly increased and partially colocalized
with Müller cell marker GS (Fig. 1A and B). In addition, ex-
pression of ATF4 and its major target gene CHOP were
drastically increased (Fig. 1A and B). In contrast to the cy-
tosolic distribution of p–eIF2-a, intensive signals of ATF4 and
CHOP, both of which are transcription factors, were ob-
served in the nuclei of cells in the ganglion cell layer (GCL)
and inner nuclear layer (Fig. 1A). Phosphorylation of IRE1-a
was also significantly increased (Fig. 1B). Moreover, VEGF,
a potent proinflammatory and propermeability factor, was
significantly upregulated in the diabetic retina and colo-
calized with ATF4 expression (Fig. 1B and C).
HG induces ER stress and upregulation of ATF4 in
rMC-1 cells. We next determined if hyperglycemia is suf-
ficient to induce ER stress and ATF4 activation in retinal
Müller cells. Rat rMC-1 cells were exposed to HG (25 mmol/L),
normal glucose (5 mmol/L), or mannitol (25 mmol/L) for
0–72 h. ER stress markers including GRP78, phosphoryla-
tion of IRE1-a and eIF2-a, and expression of ATF4 and
CHOP were measured by Western blot analysis. The results
show that HG treatment induced a rapid upregulation of
GRP78 (Fig. 2A and B), accompanied by increased phos-
phorylation of IRE1-a (Fig. 2A and C) and eIF2-a (Fig. 2A
and D). ATF4 and CHOP expression was significantly
increased 72 h after HG treatment, suggesting a time-
dependent induction of ER stress and the UPR pathway by
HG (Fig. 2E and F). Furthermore, coincubation of cells with
chemical chaperone PBA dose dependently attenuated ATF4
and CHOP expression in HG-treated cells. This indicates that
HG-induced ATF4 upregulation is secondary to ER stress.
ER stress stimulates ICAM-1 and VEGF production
andmediates HG-induced inflammatory gene expression
in rMC-1 cells. To address the effect of ER stress on in-
flammatory gene expression, rMC-1 cells were exposed to
TM, a classic ER stress inducer, for 24 h. Expression of
ICAM-1 and VEGF was measured by Western blot analysis.
The results show that ER stress significantly increased
protein levels of ICAM-1 by almost 2-fold (Fig. 3A and B)
and VEGF by 2.5-fold (Fig. 3A and C) in Müller cells. Next,
we determined if ER stress plays a role in HG-induced in-
flammatory gene expression. We found that HG treatment,
but not mannitol, significantly increased ICAM-1 and VEGF
expression in rMC-1 cells (Fig. 3D and E). Both PBA and
TUDCA dose dependently reduced HG-induced ICAM-1 and
VEGF expression (Fig. 3D and E). These results indicate
that ER stress is implicated in HG-induced inflammatory
gene expression in Müller cells.
ATF4 regulates ICAM-1 and VEGF expression in rMC-1
cells. Previous studies show that ATF4 is required for
proinflammatory gene expression in vascular cells (15,16).
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FIG. 1. Activation of ER stress and upregulation of ATF4 colocalized with VEGF in retinal Müller cells in diabetic mice. Diabetes (DM) was induced
in 8-week-old C57 mice by five consecutive STZ injections (50 mg/kg/day). ER stress markers in the retina were examined at 4 weeks after STZ
injection. A: Immunohistochemistry showing increased p–eIF2-a/ATF4/CHOP (green) partially colocalized with Müller cell marker GS (red) in
diabetic retinas. Scale bar = 50 mm. B: Western blot analysis showing increased phosphorylation of IRE1-a and eIF2-a and elevated ATF4 and
VEGF expression in diabetic retina. Bar graphs represent quantification results using densitometry (mean 6 SD, n = 4). *P < 0.05, **P < 0.01 vs.
control. C: Double staining of ATF4 (green) and VEGF (red) in retinal sections from diabetic and control mice. Scale bar = 50 mm. (A high-quality
digital representation of this figure is available in the online issue.)
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FIG. 2. Increased expression of ER stress markers by HG in rMC-1 cells. rMC-1 cells were treated with HG (25 mmol/L) or same concentration
of mannitol for 2, 4, 8, or 24 h. ER stress markers were determined by Western blot analysis. A: Representative blots from three independent
experiments. Expression of GRP78 (B), p–IRE1-a (C), and p–eIF2-a (D) were quantified by densitometry (mean 6 SD, n = 3). *P < 0.05,
**P < 0.01 vs. control. E and F: rMC-1 cells were treated with HG with or without chemical chaperone PBA for 72 h. Expression of ATF4 (E)
and CHOP (F) were determined by Western blot analysis and quantified by densitometry (mean 6 SD, n = 3). **P < 0.01 vs. control. ‡P < 0.05
vs. HG.
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To assess the potential role of ATF4 in Müller cells, we
manipulated ATF4 expression and/or activity using Ad-
ATF4WT or Ad-ATF4DN (13) in rMC-1 cells. Twenty-four
hours after adenoviral treatment, cells were incubated

with HG for 72 h or exposed to hypoxia conditions for 16
h. We found that overexpressing Ad-ATF4WT resulted in
a significant increase in ICAM-1 and VEGF levels (Fig. 4A).
Inhibiting ATF4 activity by Ad-ATF4DN had no effect on

FIG. 3. ER stress is implicated in HG-induced ICAM-1 and VEGF expression in rMC-1 cells. A–C: rMC-1 cells were treated with 0.5 mg/mL TM for 24 h.
Expression of ICAM-1 and VEGF were determined with Western blot analysis and quantified by densitometry (mean 6 SD, n = 3). *P < 0.05 vs.
control.D–G: rMC-1 cells were treated with HGwith or without chemical chaperone PBA (D andE) or TUDCA (F andG) for 72 h. Expression of ICAM-
1 (D and F) and VEGF (E and G) were determined by Western blot analysis (mean 6 SD, n = 3). **P < 0.01 vs. control. ‡P < 0.05 vs. HG.
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FIG. 4. ATF4 mediates HG- and hypoxia-induced ICAM-1 and VEGF upregulation in rMC-1 cells. A: rMC-1 cells were transfected with Ad-GFP, Ad-
ATF4WT, or Ad-ATF4DN for 24 h. Expression of ICAM-1 and VEGF was determined by Western blot analysis and quantified by densitometry. B and
C: rMC-1 cells were infected with Ad-GFP or Ad-ATF4DN for 24 h. After infection, cells were incubated with HG medium for 72 h (B) or exposed to
hypoxia for 16 h (C). Expression of ICAM-1 and VEGF was measured by Western blot analysis and quantified by densitometry. Results are
expressed as mean 6 SD (n = 3). *P < 0.05, **P < 0.01 vs. Ad-GFP. ‡P < 0.05, ‡‡P < 0.01 vs. Ad-GFP plus hypoxia.
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FIG. 5. ER stress and ATF4 are required for HG- or hypoxia-induced HIF-1a accumulation in rMC-1 cells. A and B: rMC-1 cells were treated with
HG with or without chemical chaperone PBA or TUDCA for 72 h. Mannitol was used for osmotic control. Protein level of HIF-1a was measured by
Western blot analysis and quantified by densitometry. **P < 0.01 vs. control. ‡P < 0.05, ‡‡P < 0.01 vs. HG. C: rMC-1 cells were treated with 0.5
mg/mL TM for 2, 4, 8, or 24 h. Protein level of HIF-1a and VEGF was determined by Western blot analysis and quantified by densitometry. *P< 0.05
vs. control. D and E: rMC-1 cells were transfected with Ad-ATF4DN or Ad-GFP for 24 h followed by treatment with 0.5 mg/mL TM for 8 h. Ex-
pression of HIF-1a (D) was determined by Western blot analysis and quantified by densitometry. *P < 0.05 vs. GFP, ‡P < 0.05 vs. GFP+TM.
Cellular distribution of HIF-1a (E) was examined by immunocytochemistry. a, Ad-GFP; b, Ad-GFP+TM; c, Ad-ATF4DN+TM. F and G: After in-
fection with Ad-ATF4DN or Ad-GFP, rMC-1 cells were exposed to hypoxia for 2 h. Expression of HIF-1a (F) was determined by Western blot
analysis and quantified by densitometry. **P< 0.01 vs. GFP, ††P < 0.01 vs. GFP+hypoxia. Immunostaining of HIF-1a (G) showing hypoxia-induced
nuclear translocation of HIF-1a in Ad-GFP–treated cells but not in Ad-ATF4DN–treated cells. a–c, HIF-1a staining; d–f, merged images of HIF-1a
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the basal level of ICAM-1 but decreased VEGF expression
in unstimulated cells (Fig. 4A). Moreover, blockade of
ATF4 activity remarkably reduced ICAM-1 and VEGF in
cells exposed to HG (Fig. 4B). It also significantly attenu-
ated hypoxia-induced ICAM-1 and VEGF expression (Fig.
4C). These data indicate that ATF4 is a key regulator of
VEGF and ICAM-1 expression in retinal Müller cells.
ER stress upregulates HIF-1a expression and nuclear
translocation through ATF4 in rMC-1 cells. HIF-1a is
a critical transcription factor that induces VEGF during
hypoxia and diabetes (17). We evaluated the potential role
of ER stress in the regulation of HIF-1a in Müller cells. We
found that HG treatment for 72 h induced a marked in-
crease in HIF-1a level in rMC-1 cells, which was effectively
attenuated by PBA and TUDCA (Fig. 5A and B). Moreover,
treatment of cells with TM led to a significant increase in
HIF-1a level, followed by an increase of VEGF expression
(Fig. 5C). This suggests that ER stress contributes to HG-
induced HIF-1a increase in Müller cells. Next, we examined
if ATF4 plays a role in ER stress–mediated HIF-1a regula-
tion. We found that inhibiting ATF4 activity by Ad-ATF4DN
completely abolished TM-induced HIF-1a increase in rMC-1
cells (Fig. 5D). Moreover, ATF4 inhibition also blocked the
translocation of HIF-1a from cytoplasm to nucleus induced
by TM (Fig. 5E). In a similar manner, suppressing ATF4
activity prevented hypoxia-induced HIF-1a upregulation
(Fig. 5F) and nuclear translocation (Fig. 5G) in rMC-1 cells.
It is intriguing that overexpressing Ad-ATF4WT or Ad-
ATF4DN did not affect the basal level of HIF-1a (Fig. 5H),
suggesting that ATF4 may be implicated in the regulation of
HIF-1a only in conditions with enhanced ER stress.
Activation of JNK by ER stress and ATF4 mediates
HG-induced VEGF expression in rMC-1 cells. Recent
studies suggest that JNK is a key molecule that links ER
stress to inflammation in intestinal epithelial cells (18). Ac-
tivation of JNK is also required for VEGF expression in
retinal cells (19). We examined if the JNK pathway is im-
plicated in HG-induced inflammation in rMC-1 cells. Our
results demonstrate that activation of JNK1 was significantly
upregulated in cells after exposure to HG for 72 h, which
was dose dependently inhibited by PBA and TUDCA
(Fig. 6A and B). In addition, phosphorylated JNK1 was
markedly increased by ER stress in rMC-1 cells (Fig. 6C).
These results suggest that activation of JNK by HG, at least
partially, is through ER stress. To further examine if acti-
vation of JNK plays a role in ER stress–mediated VEGF
expression, we pretreated rMC-1 cells with SP600125, a
selective JNK inhibitor, and then exposed cells to TM or
infected cells with Ad-ATF4WT. We found both TM and
Ad-ATF4WT induced a significant increase in JNK1 acti-
vation, accompanied by elevated VEGF expression (Fig.
6D and E). Inhibiting JNK activity by SP600125 remarkably
attenuated VEGF expression in a dose-dependent manner
(Fig. 6D and E). This suggests that JNK activation is re-
quired for ER stress– and ATF4-induced VEGF expression.
Furthermore, we found that inhibition of ATF4 largely abol-
ished JNK activation in rMC-1 cells induced by HG, indi-
cating an essential role of ATF4 in HG-triggered JNK
activation (Fig. 6F). These results collectively indicate that
activation of JNK by ER stress and ATF4 contributes to
HG-induced VEGF upregulation in retinal Müller cells.

Inhibition of ER stress or ATF4 alleviates retinal
inflammatory gene expression and mitigated retinal
vascular leakage in STZ-induced diabetic mice. We
previously showed that induction of ER stress by TM
increases inflammatory gene expression in normal mouse
retinas (11). Here we determined if overexpression of ATF4
is sufficient to induce inflammatory genes in vivo. Adult
C57BL/6 mice were given intravitreal injection of Ad-GFP or
Ad-ATFWT (13 109 viral particles per eye). Two weeks later,
mice were killed and retinas collected for analysis. We
found that overexpressing Ad-ATF4WT induced a 2.4-fold
increase in retinal TNF-a expression and a nearly 3-fold
increase in ICAM-1 expression, when compared with Ad-
GFP–treated eyes, suggesting ATF4 is a potent inducer of
inflammatory genes in the retina (Fig. 7A). Next, we eval-
uated the effects of inhibition of ATF4 on retinal inflam-
mation in STZ-induced diabetic mice. ATF4 activity was
suppressed by intravitreal injection of Ad-ATF4DN in STZ-
induced diabetic mice immediately after the onset of hy-
perglycemia. Three weeks after injection, retinal ICAM-1
and TNF-a levels were significantly reduced in eyes receiving
Ad-ATF4DN treatment when compared with Ad-GFP–treated
eyes (Fig. 7B). These results indicate a crucial role of ATF4
in diabetes-induced inflammatory gene expression in the
retina.

Finally, we evaluated the therapeutic effects of pharma-
cological ER stress inhibitor on retinal inflammation and
vascular leakage in STZ-induced diabetic mice. After the
onset of diabetes, the mice received periocular injections of
PBA (0.4 mmol/eye) into one eye and the same amount of
vehicle into the contralateral eye twice a week for 6 weeks.
Retinal level of VEGF was determined by Western blot
analysis, and vascular permeability was measured by the
Evans blue albumin method (20,21). Results show that
periocular injection of PBA significantly decreased retinal
VEGF level in STZ-induced diabetic mice (Fig. 7C). More-
over, vascular permeability was significantly increased in
the diabetic retina, which was almost completed abolished
in PBA-treated eyes when compared with vehicle-treated
eyes (Fig. 7C and D). Furthermore, we did an immunofluo-
rescence study of VEGF in the retina from mice after PBA
or Ad-ATF4DN treatment. We found that both PBA and Ad-
ATF4DN treatment effectively reduced VEGF expression in
the retina, and in Müller cells, indicated by coimmunolabel-
ing with GS, a Müller cell marker (Fig. 7E and F). These
results corroborate our previous findings in Akita mice (11),
strongly suggesting a causal role of ER stress and ATF4 in
inflammatory gene expression and vascular leakage in DR.
Taken together, our data indicate that activation of ER
stress by hyperglycemia and hypoxia triggers ATF4 acti-
vation in retinal Müller cells. This in turn upregulates in-
flammatory gene expression, through directly binding to
the promoters of genes or indirectly activating other in-
flammatory pathways such as JNK and HIF-1a, leading to
retinal inflammation and vascular leakage (Fig. 8).

DISCUSSION

Compelling evidence suggests a role for ER stress in chronic
inflammatory diseases, such as inflammatory bowel dis-
eases, diabetes, and atherosclerosis (22–24). We previously

(red) and nuclear staining with DAPI (blue). a and d, Ad-GFP; b and c, Ad-GFP plus hypoxia; c and f, Ad-ATF4DN plus hypoxia. H: rMC-1 cells were
infected with Ad-ATF4WT, Ad-ATF4DN, or Ad-GFP for 24 h. Expression of HIF-1a was determined by Western blot analysis and quantified by
densitometry (mean 6 SD, n = 3). (A high-quality digital representation of this figure is available in the online issue.)
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FIG. 6. Activation of JNK by ER stress and ATF4 contributes to HG-induced VEGF expression in rMC-1 cells. rMC-1 cells were treated with HG
with or without chemical chaperone PBA (A) or TUDCA (B) for 72 h. Mannitol was used for osmotic control. C: rMC-1 cells were treated with 0.5 mg/
mL TM for 2, 4, 8, or 24 h. Phosphorylation of JNK1 was determined by Western blot analysis and quantified by densitometry. D: rMC-1 cells were
preincubated with 1 or 10 mmol/L SP600125 (SP) for 1 h, followed by treatment with 0.5 mg/mL TM for 24 h.E: rMC-1 cells were preincubated with 0.1
or 1 mmol/L SP for 1 h, followed by transfection with Ad-ATF4WT for 24 h. Expression of VEGF and JNK was determined by Western blot analysis.
Protein level of VEGF was quantified by densitometry. Values are expressed as mean6 SD (n = 3). **P< 0.01 vs. control; ‡P< 0.05 vs. HG; †P< 0.05
vs. TM; ♠♠P< 0.01 vs. Ad-ATF4. F: rMC-1 cells were transfected with Ad-ATF4DN or Ad-GFP for 24 h and exposed to HG for 72 h. JNK activation was
evaluated by Western blot analysis. Results represent three independent experiments.
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FIG. 7. Inhibition of ATF4 or suppression of ER stress ameliorates inflammatory gene expression and reduces vascular leakage in STZ-induced
diabetic mice. A: Adult C57BL/6 J mice were given intravitreal injection of Ad-GFP or Ad-ATFWT (13 10

9
viral particles per eye). Two weeks after

adenoviral injection, retinas were dissected and expression of proinflammatory factors (TNF-a and ICAM-1) was determined by Western blot
analysis and quantified by densitometry (mean 6 SD, n = 8). **P < 0.01. B: Four-week-old diabetic mice were randomly selected to receive an
intravitreal injection of Ad-GFP or Ad-ATF4DN (1 3 10

9
viral particles per eye). Two weeks after injection, retinal levels of VEGF and ICAM-1

were evaluated by Western blot analysis (mean 6 SD, n = 3). C and D: After onset of diabetes, STZ-induced diabetic mice received periocular
injections of PBA (0.4 mmol/eye) into one eye and the same amount of vehicle into the contralateral eye twice a week for 6 weeks. Expression of
VEGF in the retina (C) was measured by Western blot analysis and quantified by densitometry (mean 6 SD, n = 4). Retinal vascular permeability (D)
was measured by Evans blue albumin method. Results were expressed as microgram per milligram total retinal protein (mean 6 SD, n = 6). Immu-
nostaining of VEGF and GS in retinal sections from diabetic mice after PBA treatment (E) or Ad-ATF4DN treatment (F) as described above. Images
represent four animals in each group. PBS, phosphate-buffered saline. (A high-quality digital representation of this figure is available in the online issue.)
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reported that ER stress is enhanced in the retina in Akita
mice, a genetic model of type 1 diabetes (11). Increased ER
stress has also been reported in the kidney of diabetic rats
and contributes to inflammation and apoptosis (25). How-
ever, how ER stress promotes inflammatory response and
tissue injury remains poorly understood. In the current
study, we demonstrated that ER stress–induced ATF4 plays
an important role in this process. We found that two UPR
branches mediated by IRE1-a and eIF2-a were activated at
the early stage of DR. When compared with IRE1-a, diabetes
induced a more intensive increase in eIF2-a phosphoryla-
tion in the retina, coincident with its downstream effectors
ATF4 and CHOP. Moreover, intensive signal of ATF4 lo-
calized to the GCL and inner nuclear layer of the retina
from diabetic mice (Fig. 1A). Although our data suggest
that ATF4 contributes to Müller cell–derived inflammatory
cytokine production, the role of ATF4 in retinal ganglion
cells (RGCs) remains largely unknown. While loss of RGCs
leading to neurodegeneration has been well studied in DR
(26), significantly increased expression of inflammatory
genes such as VEGF was observed in the retinal GCL in
diabetic animals (Fig. 1B). Thus, we speculate that in-
creased ATF4 expression may be associated with VEGF
production from RGCs as well as with RGC death in dia-
betes. Indeed, recent studies demonstrate that ER stress is a
key factor inducing RGC apoptosis in various conditions
(27,28). The role of ATF4 in RGC-derived inflammatory
cytokine production and RGC death in DR remains to be
investigated.

Although diabetes initiates stress response in multiple
cell types of the retina, data from our immunohistochem-
ical study indicate that ER stress–triggered ATF4 activa-
tion and VEGF expression in Müller cells plays an
important role in vascular leakage in the diabetic retina. In
addition to Müller cells, other cell types in the retina also
express VEGF, including astrocytes, RGCs, endothelial

cells, and retinal pigment epithelial (RPE) cells (29). In the
current study, double staining of VEGF and GS in retinal
sections from diabetic mice shows that VEGF expression
was partially expressed in Müller cells and colocalized
with ATF4. Inhibition of ER stress or ATF4 markedly at-
tenuated VEGF expression in the diabetic retina, accom-
panied by a decrease in other inflammatory gene expression
(ICAM-1 and TNF-a) and reduction of vascular leakage. A
recent study by Wang et al. (7) shows that conditional
knockout of VEGF in retinal Müller cells significantly
reduces leukostasis and vascular leakage in the diabetic
retina, suggesting a critical role of Müller cell–derived VEGF
in DR. However, the role of VEGF produced from other cell
types, such as RGCs, in diabetes-induced vascular leakage
should also be considered.

Our results indicate that ATF4 is essential for HG- and
hypoxia-induced VEGF expression in retinal Müller cells.
Previous studies show that ATF4 is required for the upregu-
lation of VEGF by various stimuli, including homocysteine,
arsenite, oxidized lipid, and growth factors in vascular cells
and in RPE cells (30–32). In RPE cells, ATF4 binds to an
amino-acid response element in the first intron of the VEGF
gene (31). Indeed, we found that overexpression of ATF4 was
sufficient to induce VEGF expression in retinal Müller cells
and, conversely, inhibition of ATF4 significantly attenuated
HG- and hypoxia-induced VEGF expression. In addition,
inhibiting ER stress attenuated hypoxia-induced HIF-1a
accumulation in Müller cells. Moreover, induction of ER
stress by TM resulted in an increase in HIF-1a level, which
was abrogated by inhibition of ATF4. Inhibition of ATF4
also abolished hypoxia-induced HIF-1a stabilization and
nuclear translocation, suggesting that ATF4 is required for
ER stress– and hypoxia-induced HIF-1a activation. How-
ever, neither overexpression of ATF4 nor inhibition of
ATF4 activity alters the basal level of HIF-1a in Müller
cells, suggesting that ATF4 alone is not sufficient to induce
HIF-1a in normoxia. Future studies are needed to eluci-
date how ATF4 is involved in regulation of HIF-1a in a
hypoxic condition and during ER stress.

In addition to HIF-1a, we found activation of JNK by ATF4
contributes to ER stress– and HG-mediated VEGF upregu-
lation in retinal Müller cells. JNK is a stress-activated protein
kinase and belongs to the superfamily of mitogen-activated
protein kinases. Activation of JNK has been implicated in cell
proliferation, apoptosis, and cytokine production (33). Re-
cent studies show that JNK1 is critical for hypoxia-induced
retinal VEGF production and neovascularization (19). Mice
lacking JNK1 exhibit reduced pathological angiogenesis and
lower levels of retinal VEGF production in oxygen-induced
retinopathy (19). JNK1-mediated upregulation of VEGF is
independent of HIF-1a activation, but through enhancing the
binding of phospho–c-Jun to the VEGF promoter. In the
current study, we found that HG treatment for 72 h induced
activation of JNK1 in retinal Müller cells, which was abol-
ished by chemical chaperones. Induction of ER stress re-
sulted in enhanced JNK1 activation, while inhibition of JNK
by specific JNK inhibitor completely prevented ER stress–
induced VEGF upregulation. Moreover, overexpressing ATF4
was also sufficient to induce JNK activation, which was
required for ATF4-mediated VEGF expression. These
results suggest that ATF4 closely interacts with other proin-
flammatory pathways and, thus, may be a central coordi-
nator for inflammatory response in Müller cells.

Although our results clearly indicate a role of ATF4 in
regulation of ER stress–mediated inflammatory pathways
in retinal cells, we do not exclude the role of other UPR

FIG. 8. Schematic diagram showing the mechanisms of ER stress regu-
lating inflammatory gene expression in retinal Müller cells. Diabetic
insults such as hyperglycemia and hypoxia induce ER stress in retinal
cells, including Müller cells. Unrelieved ER stress upregulates ATF4,
which directly binds to promoters of inflammatory genes (e.g., VEGF),
interacts and stabilizes HIF-1a, and activates JNK, resulting in exag-
gerated and sustained expression of inflammatory genes. Increased
inflammatory cytokines promote leukostasis and endothelial activa-
tion, leading to breakdown of the blood-retinal barrier, vascular leak-
age, and diabetic macular edema.
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molecules, such as IRE1-a. We previously showed that ac-
tivation of IRE1-a by TNF-a is implicated in upregulation of
adhesion molecules in retinal endothelial cells through ac-
tivation of the nuclear factor-kB (NF-kB) pathway (14).
Activation of IRE1-a may also induce JNK activation, which
upregulates inflammatory cytokines via transcription factor
activating protein 1 and promotes cell apoptosis (34,35). In
the current study, we found that ER stress and ATF4 upre-
gulate ICAM-1 expression in retinal Müller cells. However,
inhibition of JNK activation has no effect on ER stress– or
ATF4-induced ICAM-1 expression, suggesting that JNK ac-
tivation is not involved in regulation of ICAM-1 in Müller
cells. In contrast, inhibitor of IkB kinase (IKK), an upstream
activator of NF-kB, shows a significant inhibition of ICAM-1
expression in Müller cells exposed to HG, indicating that the
NF-kB pathway is critical for HG-induced ICAM-1 upregu-
lation (6). In mouse fibroblasts, ATF4 and NF-kB interact,
occupy the promoter of platelet-derived growth factor re-
ceptor, and induce platelet-derived growth factor receptor
transcription in a cooperative manner (36). Whether ATF4
affects NF-kB transcriptional activity and enhances ICAM-1
expression in retinal Müller cells remains to be investigated.

An interesting, and perhaps of clinical significance,
finding in this study is the potent effects of PBA on
inhibiting retinal VEGF expression and vascular leakage
in diabetic animals. PBA is a small molecule chemical
chaperone that stabilizes protein conformation, improves
ER folding capacity, and facilitates the trafficking of mu-
tant proteins (9). In 2006, Ozcan et al. (9) reported that
treatment of obese and diabetic mice with PBA normalized
blood glucose, restored insulin sensitivity, and enhanced
insulin action in liver and peripheral tissues. We demon-
strated that PBA inhibited hypoxia-induced VEGF ex-
pression in retinal endothelial cells and in mice with
oxygen-induced retinopathy (11). Moreover, periocular
injection of PBA significantly reduced retinal VEGF ex-
pression in Akita mice, suggesting that PBA regulates
retinal VEGF expression independently of its effects on
blood glucose (11). Consistently, in the current study we
showed that local administration of PBA successfully
prevented diabetes-induced retinal vascular leakage in
STZ-induced diabetic mice. These results suggest that
local delivery of PBA may hold promise as a potential
therapeutic for retinal diseases that cause inflammation,
vascular leakage, and macular edema, such as DR and
age-related macular degeneration. It is notable that PBA
has been used many years for the treatment of patients
with urea cycle disorders, sickle-cell disease, thalas-
semia, and cystic fibrosis (37). Its potential effects on
diabetes and diabetes complications warrant future
investigation.
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