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A B S T R A C T

Oxidative stress and blood-retinal barrier (BRB) damage induced by hyperglycemia are the principal processes
involved in the early stages of diabetic retinopathy (DR). CXC chemokine receptor 3 (CXCR3)-mediated in-
flammatory infiltration exists in many disease models. The main objective of the present study was to determine
whether AMG487, a CXCR3 antagonist, can ameliorate BRB disruption and reactive oxygen species generation in
the DR model. The retinal endothelial cell and ganglion cell ultrastructures were observed using a transmission
electron microscope. The pericyte marker PDGFR-β, tight junction occludin, and leaking albumin were eval-
uated. The oxidative stress level, CCAAT-enhancer-binding protein homologous protein (CHOP), and p-p38
expression were also investigated in vivo and in vitro. The results indicated that AMG487 application might
alleviate PDGFR-β and occludin loss, and decreased the residual content of retinal albumin in the streptozocin-
induced DR mouse model via the inhibition of oxidative and endoplasmic reticulum stress, in which p38 acti-
vation was also involved. Thus, CXCR3 inhibition might be a target to prevent the early stage of DR injury.

1. Introduction

Diabetic retinopathy (DR), the main leading cause of visual loss
worldwide, is a chronic inflammatory disease that is triggered by hy-
perglycemia, and develops with the invasion of inflammatory cells and
cytokines, and eventually leads to vessel degeneration and neuronal cell
injury [1,2]. The hypoxia/ischemia, oxidative damage, pericyte loss,
and endothelial apoptosis induced by hyperglycemia moves through the
DR pathological process [3–6]. The blood-retinal barrier (BRB) break-
down is an early primary pathological event [1,7], which is attributed
to the release of excessive cytokines, increasing leukostasis, and per-
meability of capillary vessels [8–10].

The family of CXC chemokines and their receptors play important
roles in the regulation of vascular endothelial function and angiogen-
esis. CXC chemokine receptor 3 (CXCR3) and its ligand are members of
the CXC chemokine family. CXCR3 was recognized initially as a re-
ceptor guiding T cell of directional migration [11]. Previous studies
have shown that CXCR3 was expressed not only in macrophage/mi-
croglia, but also in endothelial cells and neurons [12–15]. Gene
knockout of CXCR3 promoted the neuronal survival in an entorhinal

cortex injury model by decreasing microglia recruitment [16]. Experi-
ments in organotypic hippocampal slice cultures demonstrated that in
CXCL10- and CXCR3-deficient mouse, the neuronal cell death in CA1
and CA3 regions decreased after N-methyl-D-aspartate (NMDA) appli-
cation via a decrease of microglia accumulation [14]. CXCR3 activation
in endothelial cells might prevent angiogenesis, and thus, compromise
vascular integrity [12,13]. A recent study revealed that the CXCL10/
CXCR3 pathway was mediated by endoplasmic reticulum (ER) stress,
and participated in the retinal inflammation and injury in a high in-
traocular pressure mouse model [17]. Another study using an optic
nerve crushed mouse model also showed that the CXCL10/CXCR3 axis
played an important role in recruiting leukocytes and inducing retinal
neuronal cell death [18]. DR has a similar pathological process, espe-
cially in retinal damage induced by inflammation and oxidative stress.
However, there is limited information regarding the relationship be-
tween the progress of DR and the CXCR3 axis. A previous study re-
ported that chemokine and CXCR3 were highly expressed in pro-
liferative DR. Therefore, CXCR3 and CXCL10 might participate in the
pathogenesis of DR [19]. To date, AMG487, a CXCR3 antagonist, is the
only small molecule that has entered clinical trials and it has been
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demonstrated to have efficacy in many pathological process [18,20,21].
Determining whether the CXCL10/CXCR3 axis influences BRB function
during the early stage of DR, and what role it plays in the pathological
process of oxidative stress and/or ER stress are the principal objectives
of the present study.

2. Materials and methods

2.1. Animals

C57BL/6 male mice (8 weeks old) were obtained from the Model
Animal Research Center of Nanjing University, and maintained in

individual ventilation cages (IVC) cages (temperature 22 ± 2 °C; hu-
midity 50%–60%), under a 12 h light/ 12 h dark cycle. Standard mouse
food and tap water were provided ad libitum. The animal experiments
were approved by the Committee of Medical Ethics and Welfare for
experimental animals at the Henan University School of Medicine. Mice
were anesthetized with pentobarbital (120mg/kg) by intraperitoneal (i.
p.) injection. The surgery complied with the committee's guidelines and
efforts were made to minimize suffering.

2.2. Diabetic mouse model and treatment

The experimental diabetic mouse model was created in accordance

Fig. 1. General description of the animal model: The blood glucose level (a) and body weight (b) among normal, diabetic, and diabetic+AMG487 animals; the serum
insulin autoantibody level was significantly higher in the STZ injection animals than in the control group animals (c); representative pancrease tissue slices with small
pancrease islets and lower number of cells in STZ-induced diabetic group. Arrows indicate pancrease islets. (d); the expression of CXCR3 in normal, diabetic, and
diabetic+AMG487 retinas. Representative images of immunohistochemical staining (e) and western blot analysis (f). D, diabetic. *P < 0.05, compared with the
normal control group (Scale bar= 50 μm).
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with previous studies [22,23]. Animals were injected (i. p.) three times
with 75mg/kg Streptozotocin (STZ) (in 100mM citrate buffer, pH 4.5)
or only citrate buffer. The interval time between each injection was
24 h. Animals with blood glucose levels higher than 16mmol/L were
recognized as having diabetes within 1 week following STZ injection.
The serum insulin antibody test (enzyme-linked immunosorbent assay,
ELISA) and islet histology observation were performed to determine the
type of diabetic model. Four weeks after STZ injection, animals were
treated with AMG487 (5mg/kg, subcutaneous injetion; DR+AMG487
group) or with dimethyl sulfoxide (DR group) for the following 4weeks.
The normal control group animals was not injected any drugs. The dose
of AMG487 was chosen based on a previous experiment [24].

2.3. Preparation of electron microscope samples (transmission electron
microscope, TEM)

The middle section of the retina was cut into small lumps (1mm3)
and fixed in 2.5% glutaric dialdehyde for 2 h. After washing in phos-
phate buffered saline solution, the sample was placed in osmium tetr-
oxide for post-fixation for 2 h. Then, the sample section (50–70 μm) was
made after dehydration and embedding in epoxy resin. Localization was
obtained under an optical microscope, after which the sample was
stained with methylene blue. Ultrathin sections (1–2 μm) were made
using an ultra-microtome (LKB-V, Sweden). After staining with uranyl
acetate and lead citrate, images were observed and obtained using a

Fig. 2. Representative transmission electron microscopic images of capillary endothelial cells and retinal ganglion cell. Arrows indicate the endothelial cell nucleus.
Asterisks indicate the retinal ganglion cell nucleus.

Fig. 3. AMG487 inhibited the decrease of PDGFR-β and occludin expression in DR retinas. Western blot analysis for the PDGFR-β and occludin expression indicated
that AMG487 inhibited the decrease of PDGFR-β and occludin in diabetic group. *P < 0.05, compared with normal control group; #P < 0.05, compared with DR
group.

H. Wang, et al. Life Sciences 228 (2019) 198–207

200



TEM-100SX (H-7650 HITACHI, Japan). Each group included 3–5 re-
tinas in the observation.

2.4. Immunohistochemistry

The eyeballs were removed and fixed in 4% paraformaldehyde
(4 °C) for 24 h. After dewaxing and antigen retrieval processes, the
slides were blocked by 10% normal goat serum for 30min, and then
incubated overnight with the primary antibodies (PDGFR-β,
Proteintech 1:500; occludin, Santacruz 1:200; albumin, Proteintech
1:300; an CCAAT-enhancer-binding protein homologous protein
(CHOP), Beyotime Biotech 1:1000). The following day, after washing
the sections three times with phosphate buffered saline solution, the

sections were incubated in the appropriate secondary antibodies
(Beyotime Biotech 1:500) for 1 h at room temperature (26 ± 3 °C).
After washing, fluorescence images were obtained under a fluorescence
microscope (Nikon Ti-E, Japan). Retinas from three animals were col-
lected during this experiment.

For the cryosections, the eyeball was enucleated, embedded with
Compound Tissue-Tek (SAKURA, USA), and fixed in liquid nitrogen.
Retinal cryosections (5 μm) were incubated with Dihydroethidium
(DHE) (40min at room temperature). Image acquisition was completed
under a fluorescence microscopy.

2.5. Western blotting analysis

After quickly isolating the retinas from the eyeballs and removing
the pigmentary epithelium, retinal tissues were frozen in liquid ni-
trogen, and then placed in a− 80 °C refrigerator. Whole retinal tissues
and HUVECs (Xinxiang medical university, China) were extracted in
ice-cold radioimmunoprecipitation assay buffer (Beyotime Biotech,
China). Each group included 4–6 retinas or samples. A total of 30 μg
protein per sample was loaded onto each lane, separated by 10% SDS-
PAGE, and then transferred onto the nitrocellulose membranes. After
blocking in 3% BSA, the membranes were incubated with primary an-
tibodies at 4 °C overnight (PDGFR-β, Proteintech 1:2000; occludin,
Santacruz 1:500; albumin, Proteintech 1:1000; CHOP, Beyotime
Biotech 1:2000; p38 and p-p38, Santacruz 1:400; and β-actin, CST
1:5000). The secondary antibody (horseradish peroxidase-conjugated)
was incubated the next day. The blot bands were visualized using the
electrochemiluminescence (ECL, Solarbio, China) technique. The op-
tical densities were semi-quantified with Image J v2.1 analysis soft-
ware. Beta-actin (β-actin) was used as a loading control.

2.6. Measurement of the extravasation albumin

After anesthesia, the animals were perfused with 37 °C phosphate-
buffered saline solution for 5min from the left ventricle to rinse out the
blood cells and proteins. Then, western blot and immunostaining were
performed to evaluate the vascular leakage by identifying the leaking
albumin in the retinas. Four or five retinas per group were collected.

2.7. Cell culture

HUVECs were kindly gifted by Professor Xianwei Wang (Xinxiang
Medical University, China). The cells were maintained in RPMI1640
culture medium (Gibco, USA) supplemented with 10% fetal bovine
serum (Gibco), penicillin (100 IU/mL), and streptomycin (100 μg/mL)
under 5% CO2 and 37 °C conditions. Passages of 3–6 HUVECs were used
in the present experiment. To evaluate the effects of high glucose on cell
oxidative stress and ER stress, cells were maintained in normal
(5.6 mmol/L) or high glucose (30mmol/L) medium. AMG487 (1 μM)
was applied to determine the roles of CXCR3. The dose was chosen
based on a previous study [25]. To further discuss the effects of reactive
oxygen species (ROS) generation on other physiological changes, the
cells were treated with nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase inhibitor apocynin (10 μmol/L) [26].

2.8. Measurement of ROS, oxidative product malondialdehyde (MDA), and
antioxidant enzyme activity (superoxide dismutase, SOD, and glutathione
peroxidase, GSH-Px)

DHE, a ROS fluorescent probe, was used to detect the ROS level.
Retinal cryosections or HUVECs were incubated with DHE (5mM) at
room temperature for 40min in the dark. The fluorescence intensity
was analyzed using the Image J software program. MDA content, SOD
level, and GSH-Px activity were measured using commercial assay kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Fig. 4. AMG487 prevented the leaking albumin in DR retinas. (a)
Immunohistochemical staining images, scale bar= 50 μm; (b) Western blot
analysis shows the increased albumin in DR group were inhibited by the
treatment of AMG487. GCL, ganglion cell layer; INL, inner nuclear layer; ONL,
outer nuclear layer. *P < 0.05, compared with the normal control;
#P < 0.05, compared with the DR group.
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2.9. TUNEL assay

Cell apoptosis was detected using a one-step TUNEL apoptosis assay
kit (Beyotime Biotech), according to the manufacturer's instructions.
Apoptosis cells were counted under a fluorescence microscope.

2.10. Measurement of CXCL10 content by ELISA

HUVECs were seeded onto a 24-well plate. The cell culture super-
nate was collected and detected using an ELISA kit (Boster
Biotechnology, China), according to the manufacturer's protocols.

2.11. Statistical analysis

All results were presented as mean ± SEM. Data were statistically
analyzed using SigmaStat 3.5 (Systat software, Inc., SanJose, CA, USA).

The differences in means among the groups were compared using one-
way analysis of variance (Tukey's test or Kruskal–Wallis test were used
as post-hoc tests) or Student's t-test. Differences were considered sta-
tistically significant at P values < 0.05.

3. Results

3.1. General description

Blood glucose was maintained at high levels (maximum level
33mmol/L) in diabetic groups treated with and without AMG487 after
the injection of STZ compared with the normal control group (Fig. 1a).
Among the three groups of animals, body weight increased rapidly
during the first 3 weeks. Then, the normal control group experienced
slow growth, and the other two groups showed decreasing trends in
bodyweight (Fig. 1a). The STZ-induced experimental diabetic mouse

Fig. 5. Effects of AMG487 on ROS generation, MDA level, SOD and GSH-Px activities, and CHOP expression in DR retinas. (a) Representative images of DHE imaging;
(b) Quantitative analysis of DHE intensity, MDA level, and SOD and GSH-Px activities; (c) Representative immunochemical staining images of CHOP; (d) Western blot
analysis shows the increased CHOP expression in DR group were inhibited by the treatment of AMG487. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer
nuclear layer. Scale bar= 50 μm; *P < 0.05, compared with the normal control; #P < 0.05, compared with the DR group.
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model may present different diabetes types. Usually, small doses of STZ
injected multiple times generate a type 1 diabetic animal model, which
is involved in the autoimmune response process. To clarify the type of
diabetes that was induced by the injection manner used in the present
study (i.e., 75mg/kg STZ i.p., on alternate days, three times), the blood
insulin autoantibody (IAA) level and the pancreatic islet tissue slice
were examined. The serum IAA level was measured with an ELISA kit in
the 8th week following STZ injection. The IAA in the diabetic mice was
significantly higher than that of the normal control group mice
(Fig. 1c). Histology observation showed that the pancreatic islets in the
diabetic mice were smaller and had fewer cell numbers than the normal
group (Fig. 1d). Therefore, an experimental type 1 diabetic mouse
model was produced in the present study. To determine whether the

CXCR3 signaling was implicated in the process of DR, im-
munohistochemical staining and western blot analysis were performed.
The results showed that CXCR3 expression was significantly upregu-
lated at the end of the 8th week after STZ injection (Fig. 1e and f).

3.2. Ultrastructures of retinal capillary endothelial cell and ganglion cell
observed under a transmission electron microscope

In the retinas of the diabetic group, the basement membrane of the
capillary endothelial cell was thicker and the cytoplasm protruded to
the lumen (Fig. 2 upper); for the retinal ganglion cells (Fig. 2 bottom),
swelling and vacuolization were found in the cytoplasm, and the nu-
clear membranes were wrinkled. These changes were not seen in the

Fig. 6. AMG487 relieves high glucose-induced
HUVEC cells apoptosis via the inhibition of p38,
ROS, and CHOP pathway. (a) High glucose
condition increased CXCR3 expression and
CXCL10 release; (b) AMG487 decreased high
glucose-induced cell apoptosis; (c) High glucose-
induced p-p38 activation was inhibited by
AMG487, (white column ) normal, (grey
column ) high glucose, (black column ) High
glucose +AMG487; (d) High glucose-induced
ROS generation was inhibited by AMG487; (e)
High glucose-induced CHOP increase was in-
hibited by AMG487; Scale bar= 100 μm, n=5,
*P < 0.05, compared with normal control;
#P < 0.05, compared with high glucose group.
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retinal samples from the normal control group or the DR+AMG487
group. Thus, the diabetes-induced abnormal changes in the capillary
and retinal ganglion cell can be prevented by AMG487 application.

3.3. Inhibition of CXCR3 decreased PDGFR-β and occludin loss in the
diabetic retina

Pericyte is a critical factor for the maintenance of the integrity of
blood vessel endothelium/BRB. The loss of pericytes may result in the
breakdown of BRB in the diabetic retina. The role of CXCR3 for the
integrity of BRB in diabetic mice was evaluated using western blot
analysis for PDGFR-β expression. PDGFR-β, a pericyte marker, showed
decreased expression in the diabetic retinas. However, the treatment of
AMG487 prevented the reduction of the PDGFR-β expression in diabetic
retinas (Fig. 3a). Occludin is a critical transmembrane protein, which
belongs to the tight junction proteins member and forms the perme-
ability barrier. In STZ-induced diabetic mouse model, Tight junction
proteins could be reduced during the early few weeks after STZ injec-
tion [27]. Western blot analysis showed that occludin expression were
decreased in diabetic retinas; however, the application of AMG487
prevented the reduction of occludin content (Fig. 3b).

3.4. AMG487 reduced the residual albumin content in the diabetic retinas

Under physiology conditions, the BRB is intact and mouse albumin
is confined by the vascular endothelium. When BRB is broken down, the
albumin might leak out into the retinal tissue. To evaluate the integrity
of the BRB, the extravasation of albumin from the retinal vessels was

examined after washing out the blood cells and proteins by cardiac
perfusion. Retinal cross section immunostaining and western blot ex-
aminations showed that the extravasation of albumin was significantly
increased in diabetic retinas. Diabetic mice treated with AMG487 dis-
played an obvious reduction of retinal extravasation of albumin
(Fig. 4). Thus, the BRB that was broken down in diabetic mice could be
prevented by AMG487 treatment.

3.5. AMG487 mitigated the oxidative stress and endoplasmic reticulum
stress in the DR retina

Oxidative damage and ER stress are important pathological pro-
cesses during the early stages of DR. To evaluate the effect of AMG487
on oxidative stress and ER stress in the STZ-induced diabetic mouse
model, ROS level, lipid peroxidative product MDA content, antioxidant
enzyme activity (SOD and GSH-Px), and the ER stress marker CHOP
expression were measured. ROS fluorescent (red) probe-DHE may
permeate into the cells and become oxidized by the intracellular ROS.
The ROS fluorescence content in the diabetic retina was higher in the
STZ-induced diabetic mice than in the normal control group. However,
diabetic animals treated with AMG487 had significantly lower ROS
fluorescence content (Fig. 5a). As shown in Fig. 5b, the MDA content in
the DR group increased, and the SOD and GSH-Px activities decreased
significantly. For the DR animals, the increase of MDA content, and
decreae of SOD and GSH-Px activities were significantly mitigated by
the AMG487 treatment (Fig. 5b). In addition, the ER stress marker
CHOP was detected using immunostaining and western blot analysis.
The results indicated that CHOP expression significantly increased in

Fig. 7. Effects of ROS inhibition on p-p38, CHOP expression, and cell apoptosis. (a) DHE fluorescein intensity indicates the ROS generation; (b) Western blot analysis
on the expression of CHOP, p-p38, and p38. (white column ) normal, (grey column ) High glucose, (black column ) High glucose+Apocynin; (c) TUNEL assay to
determine the cell apoptosis. Scale bar= 100 μm, n=5, *P < 0.05, compared with normal control; #P < 0.05, compared with the high glucose group.
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the DR group, whereas this increase was inhibited after AGM487
treatment (Fig. 5c and d). Therefore, DR-induced retinal oxidative stress
and ER stress can be mitigated by the application of CXCR3 antagonist
AMG487.

3.6. AMG487 attenuated the HUVEC cell damage induced by high glucose
via the CXCR3/p38/ROS pathway

To evaluate the effects of high glucose on endothelial cells, a
HUVEC cell apoptosis model was established. CXCR3 expression,
CXCL10 content, p38 activation, ROS generation, ER stress marker
CHOP, and cell apoptosis were examined. After the cells were treated
with high glucose for 72 h, CXCR3 expression and CXCL10 content in-
creased significantly (Fig. 6a). Additionally, the apoptotic cells, p-p38
expression, ROS generation, and CHOP expression increased
(Fig. 6b–e). The high glucose-induced changes could be mitigated by
AMG487 application; therefore, the blocking of CXCR3 exerted pro-
tective roles against high glucose-induced cell death via the inhibition
of p-p38, CHOP, and ROS.

3.7. Inhibition of ROS generation decreased cell apoptosis and p-p38 and
CHOP expression

To further determine the effects of ROS on the high glucose-induced
cell stress, the NADPH oxidase inhibitor apocynin was applied to the
culture medium. The results showed that the application of apocynin
decreased the high glucose-induced p-p38 expression, CHOP expres-
sion, and cell apoptosis (Fig. 7a–c). Therefore, the inhibition of ROS
generation may induce negative feedback effects on p-p38 expression
and mitigate the ER stress level, and further protect cells against
apoptosis induced by high glucose.

4. Discussion

DR is the major cause of progressive visual impairment and blind-
ness among the global adult population. Although the pathogenesis of
DR is very complex, it has been widely recognized that oxidative stress
and inflammatory-induced BRB dysfunction are the earliest and most
significant pathological changes in DR. The present study revealed that
the application of CXCR3 antagonist AMG487 played a role in anti-
oxidative damage and prevention of BRB injury in the STZ-induced type
1 diabetic mouse model. The in vitro experiment revealed that high
glucose in cultured HUVEC cells might increase CXCR3 expression and
CXCL10 release. AMG487 can protect HUVEC cells against oxidative
stress and ER stress-induced apoptosis under high glucose conditions.

Chemokine is a family of small chemotactic cytokines and is gen-
erated locally in inflammatory or damaged tissues. CXCR3 belongs to
the chemokine CXC subclass, and is the receptor of CXCL9, CXCL10,
and CXCL11. CXCR3 expression has been found in endothelial cells,
microglia, neuron, and podocytes [12–15]. In the nervous system,
CXCL10 and its receptor CXCR3 have been implicated in many disease
models, such as neurodegeneration in the entorhinal cortex lesion
model [16], NMDA-induced neuron death in the organotypic hippo-
campal slice culture model [14], the high intraocular pressure mouse
model, and the optic nerve crush injury model [17,18]. In vascular
endothelial cells, chemokine and its receptor play an important role in
vascular inflammation. CXCR3 activation in endothelial cells not only
limits angiogenesis, but also compromises vessel integrity to induce
regression [12,13,28]. Usually, DR is the primary cause of vision im-
pairment in the world. Approximately 1% of global blindness develops
from diabetic patients according to the survey by the World Health
Organization. Both type 1 and type 2 diabetes may induce vascular
damage, although type 1 diabetes sufferers are more susceptible to DR.
An epidemiological study stated that 71% of type 1 and 47% of type 2
diabetic patients have DR [29]. In the STZ-induced diabetic mouse
model, the type classification is related to the dose and frequency of

STZ injection [30]. It is generally considered that a larger STZ dose will
induce explosive diabetes for greater toxicity; however, multiple in-
jections of a small STZ dose could induce gradual minor damage to the
pancreatic beta cells and then develop to type 1 diabetes after the au-
toimmune response becomes involved. In the present study, the results
of the blood insulin autoantibody assay and pancreatic slice observation
showed that the autoimmune response was produced in the animals
after STZ injection; therefore, this is a type 1 diabetic mouse model.

Experiments have shown that CXCR3 signaling is implicated in
retinal oxidative stress and inflammatory response in glaucoma mouse
models [17,31]. The present study demonstrated that CXCR3 expres-
sion was upregulated during the early stage DR animals. BRB disruption
is the early and core element in the retinal dysfunction of DR patients.
Microangiopathy mainly includes dysfunction of the tight junction in-
tegrity, loss of pericytes and endothelial cells, hyperglycemia-induced
oxidative stress, and inflammatory changes. The BRB is formed by tight
junctions of three cellular types. These are retinal capillary endothelial
cells that are covered with pericytes and muller cells. Tight junctions
are comprised of occludin, claudins, and zonula occluden proteins [32].
When BRB is disrupted by ischemia or hyperglycemia, the levels of
these tight junction proteins may decrease [22,23,27]. Evidence from
previous studies has suggested that the death of retinal pericytes and
endothelial cells appeared during the early stage of DR (usually called
non-proliferative DR) [33–36]. PDGFR-β as a marker of vascular peri-
cyte has been demonstrated in the brain and retina in a mouse model
[37,38]. The present study showed that PDGFR-β and occludin ex-
pression were significantly decreased in DR retinas. However, the ap-
plication of AMG487 stopped these reductions. The mechanism in the
connection of CXCR3 and pericyte is still not clear. CXCR3 inhibition in
the endothelial cells that protects pericytes and BRB in DR animals is
probable. Further studies are required to clarify the direct mechanism.
The leaking albumin from the capillaries into the retina was also
evaluated and the results were consistent with the disruption of the
integrity of BRB. Therefore, AMG487 can prevent BRB dysfunction
during the early stage of DR.

Hyperglycemia-induced oxidative stress is also a critical pathway
during the pathological process of DR. When the body suffers from
harmful stimulus, for instance hyperglycemia, ROS generation is
abundant and the endogenous antioxidant system (SOD and GSH-Px)
cannot scavenge them in a timely fashion. Then, oxidative damage will
occur. The retina contains more polyunsaturated fatty acids and oxygen
uptake relative to other tissues; therefore, it is more vulnerable to
oxidative damage [39]. In the current DR mouse model after STZ in-
jection for 8 weeks, ROS generation and MDA level increased sig-
nificantly, whereas SOD and GSH-Px activities decreased. Therefore,
the retinas in the DR group suffered from oxidative damage, which was
in accordance with previous experiments [5,22,23,40]. The hypergly-
cemia-induced retinal oxidative stress may be ameliorated by AMG487
application. As CXCR3 antagonists, AMG487 is the only small molecule
that has entered clinical trials. Previous studies demonstrated that
AMG487 possessed efficacy in bleomycin-induced lung inflammation in
mice [21], in pathology of chronic itch [20], and in optic nerve acute
injury-induced retinal dysfunction and cell loss [18]. The blocking of
CXCR3 may protect intraocular hypertension-induced retina injury via
the reduction of oxidative stress and ER stress [17]. Furthermore, the
CXCL10/CXCR3 axis plays a critical role in the recruitment of leuko-
cytes and retinal injury in traumatic optic neuropathy. Deleting CXCR3
or treatment with CXCR3 antagonist AMG487 significantly prevented
retinal ganglion cell loss and dysfunction from optic nerve injury [18].
AMG487, as a CXCR3 inhibitor, may decrease leukostasis and leukocyte
infiltration in many diseases including DR; therefore, the ROS in-
creasing formation induced by the leukocyte infiltration may be in-
hibited by AMG487 application during the diabetic condition. The an-
tioxidase activity could decrease with the continuous increase in ROS
levels. When the ROS was attenuated, the antioxidase could be pro-
tected, just as the present study suggestion that the decreased SOD and
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GSH-Px activities in DR animals were significantly mitigated by the
AMG487 application.

The chemokine receptor CXCR3 is expressed in microglia/mono-
cyte, endothelial cells, and natural killer cells. The CXCR3 axis is in-
volved in several diseases, such as rheumatoid arthritis, multiple
sclerosis, atherosclerosis, and Alzheimer's disease [41,42]. To illustrate
the role of the CXCL10/CXCR3 axis in endothelial cells suffering from
high glucose, we cultured HUVEC cells under high glucose conditions.
High glucose led to a significant increase in CXCR3 expression and
CXCL10 release. Furthermore, the apoptotic cells, CHOP expression,
ROS generation, and p-p38 level also increased. These high glucose-
induced changes were reduced by the application of AMG487. There-
fore, in the unicellular environment, CXCL1O/CXCR3 expression might
be enhanced together with the upregulation of ROS generation under a
high glucose condition, and blockade of CXCR3 was helpful for pro-
tecting cell damage against oxidative stress. This process was involved
in the activation of p38 and the upregulation of CHOP, an ER stress
marker. Oxidative stress and ER stress always exert interactional effects
in many situations [43–45]. p38 is a mitogen-activated protein kinase
(MAPK) singling pathway and can be activated by various in-
flammatory cytokines and ROS [46]. Likewise, NADPH oxidase and
ROS generation are under the regulation of p38 MAPK [47,48]. It has
been suggested that the activation of p38 is related to the diabetes-
induced pericyte and endothelial cell death [49]. Therefore, in the
present study, CXCR3 activation and/or high expression, which might
promote p38 activation, might be via paracellular secretion or auto-
crine in HUVEC cells under high glucose conditions.

In summary, the present study demonstrated that CXCR3 blockade
played a protective role in diabetes-induced BRB disruption via anti-
oxidative stress and inhibition of ER stress. However, there are some
limitations to the study. First, many new small molecule CXCR3 an-
tagonists have emerged recently; however, we only chose to study the
antagonist AMG487 in the present study because it was the only one
that had been entered into clinical trials. Second, blocking of CXCR3
with gene knockout maybe have different views. Finally, results re-
garding intravitreal injection of AMG487 should be obtained. Further
studies are required to determine the exact role of the CXCR3 antago-
nist on DR. In conclusion, the inhibition of CXCR3 by AMG487 exerted
protective actions on DR-induced BRB. Thus, this could be a promising
treatment strategy for the early stages of DR.
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