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PURPOSE. Recent evidence suggests that there is a correlation between the micro- and
macrovascular complications of diabetes mellitus. The aim of this study is to investigate
the molecular mechanisms by which diabetes promotes the development of microvascu-
lar disease (diabetic retinopathy [DR]) through characterization of the effects of hyper-
glycemia in the retina of mouse models of diabetic atherosclerosis.

METHODS. Hyperglycemia was induced in apolipoprotein E–deficient (ApoE–/–) mice, a
model of accelerated atherosclerosis, either through streptozotocin (STZ) injection or
introduction of the Ins2Akita mutation (ApoE–/–Ins2+/Akita). Another subset of ApoE–/–

mice was supplemented with glucosamine (GlcN). To attenuate atherosclerosis, subsets
of mice from each experimental group were treated with the chemical chaperone,
4-phenylbutyric acid (4PBA). Eyes from 15-week-old mice were either trypsin digested
and stained with periodic acid–Schiff (PAS) or frozen for cryostat sectioning and
immunostained for endoplasmic reticulum (ER) stress markers, including C/EBP homol-
ogous protein (CHOP) and 78-kDa glucose-regulated protein (GRP78). PAS-stained reti-
nal flatmounts were analyzed for microvessel density, acellular capillaries, and pericyte
ghosts.

RESULTS. Features of DR, including pericyte ghosts and reduced microvessel density, were
observed in hyperglycemic and GlcN-supplemented mice. Treatment with 4PBA reduced
ER stress in the retinal periphery and attenuated DR in the experimental groups.

CONCLUSIONS. Mouse models of diabetic atherosclerosis show characteristic pathologies
of DR that correlate with atherosclerosis. The increased magnitude of these changes and
responses to 4PBA in the peripheral retina suggest that future studies should be aimed
at assessing regional differences in mechanisms of ER stress-related pathways in these
mouse models.

Keywords: endoplasmic reticulum stress, diabetic retinopathy, retinal microvasculature,
hyperglycemia

With the increasing prevalence of diabetes mellitus,
microvascular complications of this disease, including

diabetic retinopathy (DR), have become a pervasive public
health issue worldwide.1–3 In developed nations, DR is the
primary cause of vision loss in the middle-aged population.4

In healthy adults, the retinal vasculature remains in a
quiescent state, and angiogenic pathways are inactive.5 Reti-
nal blood vessels provide oxygen and nutrients to inner
retinal neurons and facilitate the homeostatic regulation
of the retinal environment through the establishment of
the inner blood–retinal barrier.5,6 However, conditions such
as diabetes result in extensive vasodegeneration charac-
terized by endothelial cell and pericyte cell loss, capil-
lary dropout, and vascular dysfunction.7–9 Inflammation
and the death of retinal pericytes and endothelial cells
compromise the structural integrity and function of reti-
nal blood vessels, resulting in ischemia and, consequently,
reductions in visual acuity.5,10 Since ischemia stimulates

the release of proangiogenic factors leading to vasopro-
liferation and retinal neovascularization,5,11,12 hallmarks of
DR often include vascular dysfunction, neovascularization,
increased vascular permeability, inflammation, and vascular
degeneration.13–16

The unfolded protein response (UPR) plays a crucial role
in maintaining intracellular homeostasis through regulating
free calcium storage, as well as the synthesis, folding, and
posttranslational modification within the endoplasmic retic-
ulum (ER).4,13 Diabetes is known to induce ER dysfunc-
tion, resulting in the accumulation of misfolded proteins (ER
stress) and retinal inflammation.17–19 In response, cells acti-
vate the UPR to enhance protein folding capacity and restore
ER homeostasis.17 In healthy cells, the UPR reduces ER stress
levels via upregulation of ER chaperones, promotion of ER-
associated degradation of misfolded proteins, and increased
regulation of protein translation.17 However, under condi-
tions of prolonged and irremediable ER stress, the apoptotic
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branch of the UPR is activated, causing death of affected
cells.17,20,21

Although factors such as abnormal glucose and lipid
metabolism, oxidative stress, excess cytokine release, and
autophagy are likely implicated,22–24 the pathophysiologic
mechanism involved in the progression of DR has yet to
be fully elucidated.25 Interestingly, many of these factors
are regulated by pathways involved in the UPR.25 Studies
have shown that sustained hyperglycemia results in oxida-
tive and ER stress, which causes retinal vascular endothe-
lial cell damage and dysfunction as well as retinal neuron
death.23,26–29 Endothelial cell damage can subsequently lead
to the destruction of endothelial barrier integrity, causing
increased vascular permeability, potentially leading to vision
loss.25,29

In order to investigate the role of ER stress in the
pathogenesis of diabetic complications as well as the links
between diabetic micro- and macrovascular disease, we
studied DR in three different mouse models of diabetic
atherosclerosis.30–33 Characteristic features of DR were
examined in the retinas of mice with increased blood
glucose and glucose metabolite levels. The effects of 4-
phenylbutyric acid (4PBA), an ER stress inhibitor that atten-
uates atherosclerosis,34 were assessed in each of the exper-
imental groups to provide insight into the mechanisms
underlying the progression of DR and perhaps an under-
standing of the links between diabetic micro- and macrovas-
cular disease.

METHODS

Animal Models

All experimental and animal handing activities were
performed in accordance with the guidelines of institutional
Animal Ethics Committee and ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research. Mice had
unrestricted access to water and standard chow (TD92078;
Harlan Teklad, Madison, WI, USA) and were maintained on
a 12-hour light/dark cycle throughout the study. All animal
procedures were preapproved by, and performed in accor-
dance with, the McMaster University Animal Research Ethics
Board and conform to the guidelines of the Canadian Coun-
cil on Animal Care.

Six-week-old female apolipoprotein E knockout
(ApoE−/−) mice (B6.129P2-ApoEtm1Unc) were randomly
divided into three groups: control, streptozotocin (STZ)–
injected, and glucosamine (GlcN)–supplemented groups.
Multiple low doses (40 mg/kg/d for 10 days) of STZ
(Sigma-Aldrich, St. Louis, MO, USA) were injected intraperi-
toneally to induce hyperglycemia.35 GlcN (Sigma-Aldrich)
was supplemented in drinking water (5% (w/v)).36 Female
ApoE−/− mice were crossed with male ApoE−/−:Ins2+/Akita

mice to produce ApoE–/–:Ins2+/Akita offspring.37 Subsets
of control, GlcN-supplemented ApoE−/−, STZ-injected
ApoE−/−, and ApoE−/−:Ins2+/Akita mice were supplemented
with 4PBA (1g/kg/d; Scandinavian Formulas Inc., Sell-
ersville, PA, USA) in drinking water. This concentration has
been previously shown to attenuate vascular ER stress and
atherosclerosis.34

Plasma Analyses

Mice were fasted for 6 hours prior to sacrifice. Fasting blood
glucose was measured using an UltraMini blood glucose

meter (OneTouch, Wayne, PA, USA). Mice were then anaes-
thetized with 3% isoflurane. Blood was collected by cardiac
puncture, and mice were euthanized by cervical dislocation.
The vasculature was flushed with saline and tissues were
collected and prepared for analyses. Fasting plasma insulin
was measured by enzyme-linked immunosorbent assay kits
(Crystal Chem, Elk Grove Village, IL, USA). Plasma total
cholesterol and triglycerides were measured using Infinity
reagents (Thermo-Scientific, Waltham, MA, USA).

Preparation and Staining of the Retinal
Vasculature

At 15 weeks of age, all mice were sacrificed and eyes were
enucleated. Right eyes were placed in 10% formalin and
stored at room temperature. Only left eyes were used for
experimental analysis in this study. The left eye was placed
in 1× PBS for trypsin digestion or fixation and freezing prior
to cryosectioning. Trypsin digestion was performed follow-
ing the protocol of Chou et al.38 with minor modifications.
Specifically, eyes were pretreated with 70% ethanol for 24
hours prior to incubation in 3% trypsin (Gibco, Waltham,
MA, USA) to help increase the efficiency of the digestion
process. The trypsin-digested retinas were stained with peri-
odic acid–Schiff (PAS) (Sigma-Aldrich) to visualize the vascu-
lature following the protocol of Dietrich and Hammes.39

Microvessel, Acellular Capillary, and Pericyte
Ghost Density Quantification

PAS-stained retinas were imaged at 40× magnification using
the automated montage capture function in the Slide-
book 5.0 program on an Olympus (Tokyo, Japan) BX41
microscope connected to an Olympus DP72 camera, Prior
Scientific Proscan III (Cambridge, UK), and Prior CS152DP
joystick. Multiple montages of sections making up the full
retina were captured and then compiled using Adobe Photo-
shop CS6 (Adobe Photosystems, San Jose, CA, USA) to form a
single composite image for each retina. A template consist-
ing of 184 sampling boxes aligned along 16 axes with 11
to 12 boxes per axis was centered on the optic disc. The
number of microvessels in the first three to four sampling
boxes closest to the optic disc was averaged to determine
the central retina microvessel density. Likewise, the aver-
age number of microvessels in subsequent four sampling
boxes corresponded to the microvessel density of the midre-
gion, and that of the final four sampling boxes corresponded
to microvessel density of the peripheral region. Retinal
microvessel density was estimated using a method similar to
that of Browning et al.40 In this study, the number of vessel
intersections within each sampling area was counted for the
central, mid-, and peripheral retinal regions.

Acellular capillary and pericyte ghost quantification were
based on methods used by Kern and Engerman9 and Kern
et al.41 Acellular capillaries were defined as having a mini-
mum of one-fourth the width of normal retinal capillaries
and lacking nuclei along their length. Acellular capillaries
were quantified in the midretinal region. Pericyte ghosts,
indicating where pericytes had been lost, were counted as
intramural pockets lacking normal cell contents and marked
by a faint out-pouching of the capillary basement membrane.
Pericyte ghosts were counted only on capillaries containing
one or more endothelial cells; otherwise, these capillaries
were considered acellular by definition. Pericyte ghosts were
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TABLE. Metabolic Parameters Measurements From ApoE−/−(Control), ApoE−/−:Ins2+/Akita (Akita), GlcN-Supplemented ApoE−/− (GlcN), and
STZ-Injected ApoE−/− (STZ) Groups

Group 4PBA Glucose (mM) Insulin (ng/mL) Triglyceride (mM) Cholesterol (mM)

ApoE−/− – 8.3 ± 0.14 0.49 ± 0.17 1.2 ± 0.4 7.6 ± 1.5
+ 8.6 ± 0.8 0.44 ± 0.17 1.0 ± 0.5 7.7 ± 1.4

GlcN – 8.7 ± 0.9 0.52 ± 0.1 1.1 ± 0.3 8.0 ± 1.6
+ 8.3 ± 0.9 0.42 ± 0.14 1.2 ± 0.4 7.9 ± 1.9

Akita – 14.7 ± 1.2**** 0.31 ± 0.03** 1.3 ± 0.3 7.3 ± 2.0
+ 15.8 ± 1.4**** 0.29 ± 0.03** 1.2 ± 0.5 7.8 ± 1.5

STZ – 19.7 ± 4.3**** 0.27 ± 0.07** 1.1 ± 0.5 7.0 ± 1.5
+ 19.1 ± 3.5**** 0.28 ± 0.05** 1.3 ± 0.6 7.5 ± 1.3

n = 5–8/group.
**P < 0.01 and ****P < 0.0001 compared to ApoE−/− controls.

quantified in the central, mid-, and peripheral retinal regions.
All morphometric analyses were performed while blinded to
treatment group.

Cryosectioning

Mouse eyes were fixed in 30% (w/v) sucrose at 4C overnight
and then with increasing concentrations of Tissue-Tek opti-
mal cutting temperature (OCT) compound (Sakura Finetek
USA, Torrance, California). These fixation steps aid in main-
taining the morphology of the retinal sections and in
preventing ice crystal formation during flash freezing. The
eyes were then embedded in OCT and flash frozen with
liquid nitrogen. Samples were stored at –80°C.

Frozen eyes embedded in OCT blocks were cryosectioned
along the frontal/coronal plane at –20°C at a thickness of
10 μm. Sections were then frozen at –20°C until use for
immunostaining and retinal thickness measurements (refer
to Supplementary Figure S1).

Immunofluorescent Staining

Immunofluorescent staining was performed on cryosec-
tions. Slides were incubated in 4% paraformaldehyde at
room temperature for 30 minutes. After blocking with
10% normal serum for 1 hour, sections were incubated
with primary antibodies against 78-kDa glucose-regulated
protein (GRP78) and C/EBP homologous protein (CHOP),
also known as growth arrest- and DNA damage-inducible
gene 153 (GADD153) (Santa Cruz, Dallas, TX, USA), at 4°C
overnight and 1:100 dilution. The following day, sections
were incubated in Alexa Fluor 488–conjugated secondary
antibodies (Thermo Fisher, Waltham, MA, USA) for 1.5 hours
at 1:250 dilution. Images of the stained sections were
acquired using an Olympus BX41 microscope connected
to an Olympus DP71 camera. Immunofluorescent staining
intensity was quantified and normalized to retinal area using
ImageJ (v1.48; National Institutes of Health, Bethesda, MD,
USA) software. The first third of the frontal cross sections,
taken from the front/corneal side of the eye, corresponds to
the peripheral retinal region, the next third corresponds to
the midretinal region, and the final third taken nearest to the
optic nerve corresponds to the central retinal region.

Statistical Analysis

Data are reported as mean ± SD. Two-way ANOVA with
Bonferroni’s multiple comparison test was performed using
GraphPad Prism (v6.01; GraphPad Software, La Jolla, CA,

USA) to assess differences between treatment groups.
Probability values of P < 0.05 were considered to indicate
statistical significance.

RESULTS

STZ Injections and the Ins2+/Akita Point Mutation
Induce Hyperglycemia and Insulinopenia in
ApoE−/− Mice Without Altering Lipid Levels

In accordance with previous work,42,43 our results demon-
strate that both STZ injections and the Ins2+/Akita point muta-
tion promote insulinopenia and hyperglycemia (Table). STZ
injections and the Ins2+/Akita point mutation induced a 2.4-
fold and 1.8-fold increase in fasting blood glucose, relative
to ApoE−/− controls, and fasting plasma insulin levels of
these groups were significantly lower than controls. Plasma
triglyceride and cholesterol levels were not significantly
different between groups at 15 weeks of age (Table). GlcN-
supplemented mice had similar plasma insulin, glucose,
triglyceride, and cholesterol levels compared to control
mice.34,35 4PBA treatment did not alter fasting blood glucose,
plasma insulin, or lipid levels in any of the four subsets
of mice (Table). Together, these data indicate that the
mouse models used in this study can be used to investi-
gate the progression of diabetic complications attributed to
increased blood glucose levels or glucose metabolite levels
(i.e., glucosamine), independent of changes in plasma lipid
levels.

Hyperglycemia Reduces Microvessel Density in
Mid- and Peripheral Retinal Regions

The regions considered for all morphometric analyses on
the retinal trypsin digests are highlighted in Figure 1A. All
experimental groups presented with an overall reduction
in retinal microvessel density from the optic disk (where
the density is greatest) to the peripheral retina (where
the density is lowest). GlcN-supplemented ApoE−/−, STZ-
injected ApoE−/−, and ApoE−/−:Ins2+/Akita mice presented
with significantly lower microvessel density in the mid-
and peripheral retinal regions relative to control mice
(Figs. 1B, 1C). Although there was a trend toward
decreased microvessel density in the central regions of
GlcN-supplemented ApoE−/−, STZ-injected ApoE−/−, and
ApoE−/−:Ins2+/Akita mice compared to controls, this did not
reach statistical significance. 4PBA treatment rescued the
decline in microvessel density in the mid- and periph-
eral regions of STZ-injected ApoE−/− and ApoE−/−:Ins2+/Akita
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FIGURE 1. Retinal microvascular density. (A) Representative image of a retinal flatmount prepared by trypsin digestion and PAS staining.
The central retinal region is defined as the circular region closest to the optic disc, while the periphery is the outer ring. (B) Microvessel
density in the midretina showing the effects of 4PBA. n = 5–8. (C) Microvessel density was quantified in each treatment group in the central
(C), mid (M), and peripheral (P) retina. *P < 0.05, **P < 0.005, and ***P < 0.0005 as compared to the same region in control mice. �=P <

0.05, �=�=P < 0.005, �=�=�=P < 0.0005, and �=�=�=�=P < 0.00005 as compared to a different region within the same group. γP < 0.05 and γ γP
< 0.005 as compared to non-4PBA-treated mice of the same group. Refer to legend below graph. (D) Representative images of 4PBA and
non-4PBA-treated groups showing average microvessel density. Scale bar: 50 μm.
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FIGURE 2. Acellular capillaries. (A) Representative images of acellular capillaries in 4PBA and non-4PBA-treated sections from each group.
Examples of acellular capillaries are indicated by black arrows. Scale bar: 10 μm. (B) Acellular capillaries were quantified in the midregion
of the retina. n = 5–7. �=P < 0.05 and �=�=P < 0.005 as compared to non-4PBA-treated mice of the same group.

mice (Figs. 1B, 1C, 1D). Interestingly, 4PBA significantly
reduced retinal microvessel density in the control mice
(Figs. 1B, 1D).

Acellular Capillary Density Is Significantly
Reduced With 4PBA Supplementation

Acellular capillary density was quantified in the midreti-
nal region. Between-group analyses revealed a significant
reduction in acellular capillary density in 4PBA-treated mice
relative to non-4PBA-treated mice of the same experimental
group (Fig. 2). However, there was no significant difference
in acellular capillary density between controls and experi-
mental groups.

4PBA Supplementation Rescues Increased
Pericyte Ghost Density in Mice With High Blood
Glucose or Glucosamine Levels

Pericyte ghost density in the peripheral retina of GlcN-
supplemented ApoE−/−, STZ-injected ApoE−/−, and
ApoE−/−:Ins2+/Akita mice was significantly increased relative
to control mice (Fig. 3). There was a trend toward increased

pericyte ghost density in the central and midregions
of GlcN-supplemented ApoE−/− and ApoE−/−:Ins2+/Akita

groups relative to control mice, but this did not reach
statistical significance. Only STZ-injected mice had signifi-
cantly increased pericyte ghost densities in all three retinal
regions compared to control mice. 4PBA treatment reduced
pericyte ghost density in all three retinal regions in GlcN-
supplemented, STZ-injected, and ApoE−/−:Ins2+/Akita mice,
but the difference was most pronounced in the retinal
periphery. In control mice, although there was a trend
toward reduced pericyte ghosts with 4PBA treatment, the
differences did not reach statistical significance.

Some ER Stress Markers Are Upregulated Under
Hyperglycemic Conditions

Overall retinal GRP78 levels were similar between all groups
and were unchanged by 4PBA treatment (Figs. 4A, 4B).
GRP78 expression in only in the midretinal region of
ApoE−/−:Ins2+/Akita mice was significantly increased rela-
tive to control mice. Additionally, 4PBA treatment increased
GRP78 expression in the midretina of the control mice.
However, no significant alterations in GRP78 expression
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FIGURE 3. Pericyte ghosts. (A) Representative images of pericyte ghosts in 4PBA and non-4PBA-treated sections from each group. Examples
of pericyte ghosts are indicated by black arrowheads. Scale bar: 10 μm. (B) Pericyte ghosts were quantified in the central, mid-, and
peripheral retina. Data are presented as the average number of pericyte ghosts per quantification box. n = 3–4. *P < 0.05 and **P < 0.005
as compared to the same region in control mice. �=P < 0.05, �=�=P < 0.005, �=�=�=P < 0.0005, and �=�=�=�=P < 0.00005 as compared to the same
region in non-4PBA-treated mice of the same group.

in the central and peripheral retina were observed in any
group.

Between-group analyses revealed that CHOP expression
in the mid- and peripheral retina of ApoE−/−:Ins2+/Akita

was significantly increased relative to control mice
(Figs. 4C, 4D). There was a trend toward increased CHOP
expression in the mid- and peripheral retina of GlcN-
supplemented ApoE−/− and STZ-injected ApoE−/− mice
compared to control mice, but this did not reach statis-
tical significance. 4PBA decreased CHOP expression in
the peripheral retina of GlcN-supplemented ApoE−/−, STZ-
injected ApoE−/−, and ApoE−/−:Ins2+/Akita mice relative to
their untreated counterparts. 4PBA also reduced overall
CHOP levels in control mice.

DISCUSSION

To our knowledge, this is the first study to analyze the
effects of an ER stress inhibitor (4PBA) on the progres-
sion of DR symptoms in four different mouse models. This
study focused on the assessment of three major morphologic
hallmarks of DR: reduced microvessel density, increased
acellular capillaries, and increased pericyte ghosts. We also
performed a preliminary examination of ER stress–related
protein expression. ER stress has been identified as a causal
factor for atherosclerotic development in ApoE−/− mice.44–46

Increased levels of ER stress have been observed in chemi-
cal (STZ-injected ApoE−/−) and genetic (ApoE−/−:Ins2+/Akita)
mouse models of hyperglycemia.47 Glucosamine, which is
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FIGURE 4. GRP78 and CHOP expression in retinas. Representative images of cryostat sectioned retinas from 15-week-old mice immunos-
tained for GRP78 (A) and CHOP (C). Scale bar: 50 μm. Fluorescence intensity of GRP78 (B) and CHOP (D) was measured using ImageJ
software and normalized to account for changes in area. n = 3–6. *P < 0.05 and **P < 0.005 as compared to the same region in control
mice. �=P < 0.05 and �=�=P < 0.005 as compared to the same region in non-4PBA-treated mice of the same group.

a product of glucose flux through the hexosamine path-
way and an ER stress–inducing agent, has been linked
to diabetic atherogenesis.35,48 The inclusion of the GlcN-
supplemented treatment group allowed for comparison
of the effects of ER stress alone under normoglycemic
conditions.

The decline in microvessel density from the optic disc
to the peripheral retina seen across all groups, includ-
ing control mice, is consistent with observations made in
the healthy human retina.49 However, it is uncertain if the
decrease seen in ApoE−/− mice is representative of healthy
mice or if it is exacerbated by the ApoE−/− genotype. Inter-
estingly, hyperglycemic mice showed no difference in acellu-
lar capillary density compared to control mice. This is incon-
sistent with the findings from previous studies in which STZ-
injected mice and ApoE−/−:Ins2+/Akita mice were observed to
have significantly increased acellular capillary densities rela-
tive to wild-type controls.42,50,51 Pericyte loss is believed to
precede acellular capillary development, which may explain
the presence of increased numbers of pericyte ghosts in the

experimental groups without an increase in acellular capil-
laries.10,52,53 It is also possible that the similarity in acel-
lular capillary density between control mice and treatment
groups is a result of the pathophysiology (dyslipidemia) of
the ApoE−/− control, which may contribute to increased acel-
lular capillary development relative to wild-type (normolipi-
demic) controls used in other studies.42,50,54 The protein
kinase C pathway, which has been found to contribute to
acellular capillary development, is upregulated in ApoE−/−

mice and could cause an increase in acellular capillaries in
ApoE−/− mice to the level of the experimental groups.55–57

The ability of 4PBA to reduce acellular capillary density is
consistent with previous studies.19,58

Differences in pericyte ghost densities between controls
and experimental groups, as well as between 4PBA and
non-4PBA-treated mice within the same group, increased
in significance moving outward from the optic disc. The
trends observed with respect to pericyte ghost and microves-
sel vessel density in GlcN-supplemented mice are very simi-
lar to those in STZ-injected and ApoE−/−:Ins2+/Akita mice,
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suggesting that ER stress, even in the absence of hyper-
glycemia, may be a contributor to DR pathogenesis.19,29,59,60

The UPR is an adaptive signal transduction pathway
to maintain ER homeostasis.61 The UPR is activated by
three ER stress sensors: inositol requiring enzyme 1α, PKR-
like ER kinase (PERK), and activating transcription factor
6α.62 Under homeostatic conditions, these ER stress sensors
remain inactivate through association with a chaperone
called binding immunoglobulin protein (BiP), also known
as GRP78.62 However, as misfolded proteins accumulate in
the ER, BiP dissociates from the UPR sensors and binds to
the hydrophobic domains of the misfolded proteins with a
greater affinity, allowing for activation of downstream signal-
ing pathways by the UPR sensors.63–65 The adaptive UPR
functions to restore homeostasis and mitigate ER stress, but
when this fails, a proapoptotic response is initiated.66 Under
chronic ER stress, PERK upregulates the transcription of
GADD153/CHOP, which inhibits the expression of the anti-
apoptotic (BCL-2) to induce cell death.67,68 Levels of GRP78
(adaptive UPR) and CHOP (apoptotic UPR) were measured
in the retinas of mice in each of the experimental groups.
These markers indicate the initiation of two key steps in the
ER stress pathway.

Li et al.19 have noted increased GRP78 expression in the
retinas of ApoE−/−:Ins2+/Akita mice, relative to controls. This
is consistent with observation of increased GRP78 expres-
sion in the midretinal region in this study. 4PBA did not
have any significant effect on GRP78 expression, except for
the increase seen in control mice in the midregion. This,
taken with the microvessel data showing that 4PBA further
increased microvessel density in control mice, suggests that
4PBA may have a toxic effect in ApoE−/− mice. 4PBA is
a histone deacetylase inhibitor that has been shown to
induce the expression of certain ER chaperones, including
GRP78.60,69,70 The extent of GRP78 induction has been found
to be positively correlated with the amount of histone acety-
lation.69 Previous reports have shown that 4PBA increases
GRP78 expression in control groups of some cell types.71,72

CHOP expression was increased in ApoE−/−:Ins2+/Akita

mice relative to controls in the mid- and peripheral retina,
which is consistent with the literature.73 There was a trend
toward increased CHOP expression in STZ-injected and
GlcN-treated mice. 4PBA reduced CHOP expression in the
peripheral retina but not in other regions of the experimen-
tal groups. This suggests that there are regional differences
in the response to hyperglycemic conditions, including a
heightened ER stress response further outward from the
optic disc, as well as increased susceptibility to ER stress–
inhibiting agents. There are multiple mechanisms that may
account for the diverse effects of 4PBA in various retinal
regions and treatment groups. 4PBA is a nonspecific chemi-
cal chaperone and a histone deacetylase inhibitor.73,74 4PBA
has a variety of uses, including as a treatment for urea cycle
disorders because of its ability to act as a nitrogen sink.75

Additional applications of 4PBA are currently being studied
in areas including cancer, hemoglobinopathies, cystic fibro-
sis, and motor neuron diseases.74 In relation to diabetes,
4PBA has been found to improve diabetic encephalopathy
and nephropathy, muscle atrophy, inflammation, and β-cell
apoptosis.58,76–81 The reduction in CHOP expression with
4PBA suggests that 4PBA effectively alleviates ER stress to
suppress the proapoptotic UPR.68,82

Overall, this work characterizes the pathologic
changes associated with DR in three different mouse
models of diabetic atherosclerosis. The results show that

hyperglycemia is sufficient to promote DR. Furthermore,
a downstream metabolite of glucose (glucosamine) can
promote DR in the absence of changes in glucose and
insulin levels. Finally, the findings from this study support a
role for ER stress in the development of DR and suggest that
alleviation of ER stress can protect against DR progression.
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