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A B S T R A C T

Inflammation has been implicated in a variety of retinal diseases. The immunoproteasome plays a critical role in
controlling inflammatory responses, but whether activation of immunoproteasome contributes to angiotensin II
(Ang II)-induced retinopathy remains unclear. Hypertensive retinopathy (HR) was induced by infusion of Ang II
(3000 ng/kg/min) in wild-type (WT) and immunoproteasome subunit LMP10 knockout (KO) mice for 3 weeks.
Changes in retinal morphology, vascular permeability, superoxide production and inflammation were examined
by pathological staining. Our results showed that immunoproteasome subunit LMP10 expression and its trypsin-
like activity were significantly upregulated in the retinas and serum of Ang II-infused mice and in the serum from
patients with hypertensive retinopathy. Moreover, Ang II-infused WT mice showed an increase in the central
retinal thickness, vascular permeability, reactive oxygen species (ROS) production and inflammation compared
with saline controls, and these effects were significantly attenuated in LMP10 KO mice, but were aggravated in
mice intravitreally injected with rAAV2-LMP10. Interestingly, administration of IKKβ specific inhibitor IMD-
0354 remarkably blocked an Ang II-induced increase in vascular permeability, oxidative stress and inflammation
during retinopathy. Mechanistically, Ang II-induced upregulation of LMP10 promoted PTEN degradation and
activation of AKT/IKK signaling, which induced IkBα phosphorylation and subsequent degradation ultimately
leading to activation of NF-kB target genes in retinopathy. Therefore, this study provided novel evidence de-
monstrating that LMP10 is a positive regulator of NF-kB signaling, which contributes to Ang II-induced re-
tinopathy. Strategies for inhibiting LMP10 or IKKβ activity in the eye could serve as a novel therapeutic target
for treating hypertensive retinopathy.

1. Introduction

Hypertension is one of the most important risk factors that may
affect ocular structure and function, and has been linked to a wide
range of major eye diseases [1]. More specifically, high blood pressure
decreases choroidal circulatory flow and increases intraocular pressure
and microvascular abnormalities [1]. Currently, hypertensive retino-
pathy can be found in 3–14% of adult individuals aged> 40 years [2].
Increasing evidence suggests that angiotensin II (Ang II), the major
effector peptide of the rennin-angiotensin system (RAS), has a funda-
mental role in the pathogenesis of retinal vascular diseases. While
blocking of angiotensin type 1 receptor (AT1R) by inhibitors or in-
traocular administration of AAV-ACE2/Ang-(1–7) has been found to
improve pathology in ocular diseases, such as early retinopathy and

diabetic retinopathy [3,4], a critical role for Ang II has been demon-
strated in the formation of retinopathy. Therefore, it is important to
identify mechanisms that mediate retinopathy in response to Ang II
stress.

The 26 S proteasome, the major proteolysis machinery in eukaryotic
cells, has a critical role in the regulation of cell survival and the cell
cycle, gene expression, signal transduction and protein quality control
[5,6]. The 20 S catalytic core of the proteasome contains three standard
catalytic subunits β1 (PMSB6), β2 (PMSB7) and β5 (PMSB5). After
stimulation of cytokines, such as FN-γ, the standard subunits can be
replaced with the inducible subunits, such as LMP2 (β1i), LMP10 (β2i
or MECL), and LMP7 (β5i), which form the core of the im-
munoproteasome [7]. LMP10 is one of the immunoproteasome catalytic
subunits and has trypsin-like activity. Several studies have indicated
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that hypertensive stimuli, such as Ang II or high-salt, can provoke up-
regulation of the immunosubunits, including LMP10 and LMP7 in the
heart, and knockout of LMP10 significantly attenuated DOCA-salt-in-
duced hypertension and cardiac remodeling in mice [8]. Moreover, the
increased expression and activity of immunosubunits are also observed
in retinopathy [9], whereas inhibiting immunoproteasaome activity
improves this disease [10]. However, the functional role of LMP10 in
regulating Ang II-induced retinopathy remains unknown.

In this study, we showed for the first time that the LMP10 level and
its trypsin-like activity in the retina or blood were markedly upregu-
lated in Ang II-infused mice and in patients with hypertensive retino-
pathy. Deficiency of LMP10 or inhibition of IKKβ by specific inhibitors
significantly attenuated Ang II-induced retinopathy, while this change
was aggravated in rAAV2-LMP10-injected mice. These effects were
associated with LMP10-mediated degradation of PTEN and IkBα and
activation of AKT-IKKβ-NF-kB signaling target genes. Thus, our results
demonstrated that LMP10 contributes to Ang II-induced retinopathy.

2. Methods

An expanded Methods section is available in the online-only Data
Supplement.

2.1. Animal experiments

Wild-type (WT) mice and LMP10 knockout (KO) mice (males, 8–10-
weeks-old) were infused with saline or angiotensin II (Ang II, Sigma-
Aldrich, St. Louis, MO) at a dose of 3000 ng/kg/min using osmotic
mini-pumps (Alzet MODEL1004,0.11 μl/hour,28 days; DURECT,
Cupertino, CA) for 3 weeks, as previously described [11,12]. IKKβ in-
hibitor IMD-0354 (S2864, Selleck) was administered intraperitoneally
(30mg/kg/d) beginning 1 day before Ang II infusion and continued for
3 weeks [13,14]. All investigations were approved by the Animal Care
and Use Committee of Dalian Medical University and conformed to the
US National Institutes of Health Guide for the Care and Use of La-
boratory and the ARRIVE guidelines [15].

2.2. Intravitreous injections of recombinant adenoviral vectors in mice

Recombinant adeno-associated virus serotype 2 (rAAV2) expressing
GFP (rAAV2-GFP) and LMP10 (rAAV2-LMP10) were produced by
Vigenebio (Shangdong, China). Four microliters of rAAV2-GFP or
rAAV2-LMP10 (2.4×1012 pfu/ml/per eye) were injected into the in-
travitreal space of the right eye, just posterior to the limbus, as pre-
viously described [16]. Evaluation of infection efficiency and the ex-
pression of rAAV2-GFP/LMP10 was performed 2 weeks after injection.

2.3. Fluorescence angiography

Mice were anesthetized with of 2.5% tribromoethanol (0.020ml/g;
Sigma-Aldrich, UK). Eyes were dilated with one drop of Compound
Tropicamide Eye Drops (Mydrin-P; Santen Pharmaceutical, Osaka,
Japan) and Carbomer Eye Gel (Dr. Gerhard Mann, Germany) were
applied. Using retinal imaging system (OPTO-RIS, Optoprobe, Canada),
images were collected immediately after fluorescein administration,
then every minute thereafter for 5min. After capture, the images were
arranged according to capture time and data were compared for the
mice at the same time interval using the Image J software program
[17].

2.4. Histopathological examination

All animals were anesthetized by an overdose of pentobarbital
(100mg/kg, ip). The eyes were quickly removed and fixed in 4% par-
aformaldehyde, embedded in paraffin and sectioned (5 µm). The eye
sections were stained with hematoxylin and eosin (H&E) and

immunohistochemistry with antibody against ionized calcium binding
adapter molecule 1 (Iba1, 1:500, Wako, Osaka, Japan) [18].

2.5. Immunostaining

The freshly frozen eye sections (6 µm thick) were stained with di-
hydroethidine (DHE, 1 μM in PBS) for 30min at 37℃ as described
previously [18]. The eye sections were also permeabilized with 0.3%
Triton X-100/PBS and were then incubated at 4℃ overnight with Dy-
light 594 Labeled Griffonia Simplicifolia Lecin I (GSL I) isolectin B4
(DL-1207 1:50, Vector laboratories lnc.), followed by incubation with
DAPI (1:10000, Sigma) for 5min at room temperature [19].

2.6. Sample collection of patients

The study included 31 normal normotensive individuals, 31 patients
with hypertension (HP) and 30 with hypertensive retinopathy (HR).
Written informed consent was signed by all subjects prior to partici-
pation in the study. The study protocol was approved by the
Institutional Ethics Committee of First Affiliated Hospital of Dalian
Medical University (No. LCKY2016-31) and conformed with the prin-
ciples outlined in the Declaration of Helsinki.

2.7. Statistical Analyses

All values in the text and figures were tested with SPSS 19.0.
Comparisons were made with a one-way ANOVA (S-N-K and Bonferroni
method) or independent T-test as appropriate. Values of P < 0.05 were
considered statistically significant.

3. Results

3.1. LMP10 expression and its proteasome activity were increased in Ang II-
treated mice and patients with hypertensive retinopathy

To investigate the functional role of LMP10 in regulating hy-
pertensive retinopathy, we first measured retina and serum proteasome
trypsin-like activity, which was displayed by standard subunit PMSB7
and immunosubunit LMP10. We found that the trypsin-like activity in
serum and retinal tissues was significantly increased in Ang II-treated
mice compared with saline control mice (Fig. 1A and B). To identify
which subunit contributes to increased proteasome activity, we per-
formed qPCR analysis. We found that LMP10 expression rather than
PMSB7 was markedly upregulated in Ang II-infused retinas compared
with saline control mice (Fig. 1C). The LMP10 protein expression was
also remarkably upregulated in Ang II-treated retinas (Fig. 1D), in-
dicating that Ang II-induced proteasome activity was due to LMP10.
Moreover, immunostaining revealed that LMP10 protein was mainly
localized in ganglion cell layer (GCL), inner plexiform layer (IPL), inner
nuclear layer (INL), outer plexiform layer (OPL) and retinal pigment
epithelium (RPE) of retinas, and highly induced by Ang II infusion
(Fig. 1E). Importantly, we measured serum LMP10 concentrations and
trypsin-like activity in human samples, and found that both LMP10
levels and trypsin-like activity (Fig. 1F) were significantly higher in
patients with hypertension (HP, n=31) or hypertensive retinopathy
(HR, n=30) compared to normal controls (n= 31) (Fig. 1F, Table S1
in the online-only Data Supplemen,t).

3.2. Deficiency of LMP10 improves retinal morphology and vascular
permeability induced by angiotensin II

We then determine the effect of LMP10 on retinal morphology in-
duced by Ang II in wild-type (WT) and LMP10 knockout (KO) mice.
After 3 weeks of Ang II infusion, the systolic blood pressure (SBP) was
remarkably increased in both WT and PSMB10 KO mice, but there was
no statistically significant difference between the two groups (Fig. S1A).
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Knockout of LMP10 significantly reduced trypsin-like activity com-
pared with WT controls after saline or Ang II infusion (Fig. S1B).
Moreover, H&E staining showed that Ang II infusion for 3 weeks
markedly increased the thickness of central retinas, especially the inner
plexiform layer (IPL) and inner nuclear layer (INL) in the WT mice, but
this increase was markedly reduced in LMP10 KO mice (Fig. 2A). The
peripheral retinal morphology was similar between the two groups after
saline or Ang II infusion (Fig. 2B).

Since vascular permeability is the hallmark of retinopathy, we next
tested whether knockout of LMP10 influences retinal vascular perme-
ability and endothelial cell proliferation. Fluorescence angiography
showed retinal vascular permeability reflected by typically diffuse pale
green areas (white arrow), arteriolar narrowing and tortuosity in Ang
II-infused WT retinas compared with the saline controls, whereas this

effect was attenuated in LMP10 KO mice (Fig. 2C). Moreover, isolectin
B4 staining revealed that Ang II-induced endothelial cell proliferation
in WT inner retinas was significantly reduced in LMP10 KO mice
(Fig. 2D). In addition, Ang II-induced upregulation of VEGF (a critical
driver for angiogenic and vascular permeability) at both mRNA and
protein levels in WT retinas was also reduced in LMP10 KO mice
(Fig. 2E and F). These results indicate that LMP10 is involved in Ang II-
induced vascular permeability in this model.

3.3. Knockout of LMP10 suppresses angiotensin II-induced retinal oxidative
stress and inflammation

Oxidative stress and inflammation have been recognized as central
drivers of vessel growth in retinopathy. We therefore tested the effect of

Fig. 1. The trypsin-like activity and LMP10 expression were upregulated in Ang II-infused mice and in hypertensive retinopathy patients. A and B, Measurement of trypsin-like activity in
the retinas and serum of wild-type (WT) mice 3 weeks after saline or Ang II infusion (n=8 mice per group). C, qPCR analysis for the mRNA expression of PSMB7 and LMP10 in the retinas
(n=8 mice per group). D, Immunoblotting analysis of LMP10 (upper) and quantification of the protein bands (lower) (n= 3 mice per group). GAPDH as an internal control. E,
Immunostaining of the LMP10 (red) in the retinal sections (left) and quantification of fluorescence intensity (right, n= 4 mice per group). Nuclei were counterstained with DAPI (blue).
Scale bar, 50 µm. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium. F,
Measurement of the LMP10 concentration by ELISA assay and the trypsin-like activity in serum of normal controls (n= 31) and hypertension (HP) (n= 31) or hypertensive retinopathy
(HR) (n= 30) patients. Data are expressed as the mean± SEM. *P < 0.05, **P < 0.01 versus saline or normal controls; #P < 0.05 versus hypertension (HP) group.
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LMP10 on superoxide production and activation of NADPH oxidase in
Ang II-infused retinas. DHE staining showed that Ang II infusion
strongly increased DHE intensity of ROS levels in WT mice, whereas
this increase was remarkably blocked in LMP10 KO mice (Fig. 3A).
Since NADPH oxidase isoforms of NOX1 and NOX4 are the major source
of ROS generation in retinas, we then analyzed mRNA expression of
NOX1 and NOX4 by qPCR analysis. In keeping with the decrease in ROS
levels, the expression of retinal NOX1 and NOX4 were also significantly
reduced in LMP10 KO mice compared with WT animals after Ang II
treatment (Fig. 3B).

We next evaluated the contribution of LMP10 to retinal in-
flammatory responses. Immunohistochemical staining revealed that
Ang II infusion caused marked accumulation of Iba1-positive micro-
galia/macrophages in the inner retinal layer, which was significantly
attenuated in LMP10 KO mice (Fig. 3C). Accordingly, qPCR analysis
indicated that the levels of IL-1β and IL-6 were markedly lower in
LMP10 KO retinas than in WT controls after Ang II infusion (Fig. 3D).

NF-kB has been reported to be a key regulator of proinflammatory
cytokines, NADPH oxidase isoforms and VEGF expression at transcrip-
tional levels. We then examined whether LMP10 influences NF-kB ac-
tivity and its upstream regulators IKK and IkBa [20]. Ang II infusion
resulted in a significant increase of p-IKKα/β and p-p65 in WT retinas,
which was markedly reduced in LMP10 KO mice. Moreover, Ang II-
induced reduction of total IkBa was markedly reversed in LMP10 KO
mice (Fig. 3E and F). However, upregulation of p-IkBa induced by Ang
II was similar between WT and LMP10 KO mice (Fig. 3E and F), in-
dicating that LMP10 knockout attenuates IKKα/β activation and IkBa
degradation resulting in inactivation of NF-kB.

To further learn how LMP10 deficiency inhibits IKKα/β activation,
we examined the tumor suppressor PTEN and its downstream target
AKT, a critical regulator of IKKα/β activation [21,22]. Western blot
analysis revealed that Ang II infusion markedly decreased PTEN levels
but increased AKT activation in the WT retina, and this effect was re-
versed in LMP10 KO mice (Fig. 3E and F), suggesting that LMP10
promotes PTEN degradation, leading to activation of AKT-IKKα/β sig-
naling. Together, these results suggested that LMP10 deficiency inhibits
activation of AKT/IKK/NF-kB signaling by preventing degradation of
both PTEN and IkBa in Ang II-induced retinopathy.

3.4. Overexpression of LMP10 aggravates Ang II-Induced vascular
permeability, inflammation, and oxidative stress in the retinas

To further assess whether overexpression of LMP10 is sufficient to
promote Ang II-induced retinopathy in vivo, we generated rAAV2
overexpressing LMP10 (rAAV2-LMP10) or GFP alone (rAAV2-GFP).
Intravitreal injection of WT mice with rAAV2-LMP10 (2.4×1012 pfu/
ml) resulted in high infection efficiency as indicated by GFP fluores-
cence intensity (Fig. S2A) and LMP10 expression (about 1.8-fold) in the
retinas (Fig. S2B). Mice injected with rAAV2 were then exposed to Ang
II or saline infusion for an additional 3 weeks. There was no significant
difference in SBP elevation between rAAV2-LMP10- and rAAV2-GFP-
injected mice after saline or Ang II infusion (Fig. S2C). After 3 weeks of
Ang II infusion, rAAV2-GFP-injected mice showed a significant increase
in the central retinal thickness, including the inner plexiform layer (IPL)
and inner nuclear layer (INL) (Fig. 4A), vascular permeability, arter-
iolar narrowing, endothelial cell proliferation (Fig. 4B) and VEGF ex-
pression at mRNA and protein levels (Fig. 4C and D), which were

further aggravated in rAAV2-LMP10-injected mice (Fig. 4A-D, lanes 4
vs 3). Moreover, Ang II-induced production of ROS (Fig. 5A-B), the
infiltration of Iba1-positive macroglia/macrophages and mRNA ex-
pression of NOX1, NOX4, IL-1β and IL-6 (Fig. 5C, F) were markedly
enhanced in rAAV2-LMP10-injected mice (Fig. 5A-F, lanes 4 vs 3).

To verify the importance of LMP10 in regulating PTEN-dependent
signaling, we evaluated activation of PTEN/AKT and IKK/IkBa/NF-kB
in Ang II-treated retinas. Ang II-induced downregulation of PTEN and
IkBa in rAAV2-GFP-injected retinas was further reduced in rAAV2-
LMP10-injected mice (Fig. 6A, lanes 4 vs 3). In contrast, Ang II-induced
increases of p-AKT, p-IKKα/β and p-p65 levels were largely enhanced in
rAAV2-LMP10-injected mice compared with rAAV2-GFP controls
(Fig. 6A, lanes 4 vs 3). There was no difference in these alterations
between the two groups after saline infusion (Fig. 6A, lanes 4 vs 3).

3.5. Inhibition of IKK activation blunts retinal vascular permeability,
oxidative stress, and inflammation induced by angiotensin II

To test whether IKK/IkBa/NF-kB signaling plays a critical role in
LMP10-mediated retinopathy, we applied IKKβ specific inhibitor IMD-
0354 to rAAV2-injected WT mice. Systemic administration of IMD-0354
did not cause any noticeable cellular toxicity to the treated eyes as
evaluated by histology, and no systemic toxicity was observed. Notably,
administration of IMD-0354 to rAAV2-LMP10-injected mice sig-
nificantly blocked Ang II-induced increases in the central retinal
thickness, vascular permeability and VEGF expression at both mRNA
and protein levels compared with vehicle control (Fig. 4, lanes 5 vs 4).
Ang II-induced upregulation of ROS production and the infiltration of
Iba1-positive microglia/macrophages, as well as the mRNA levels of
NOX1, NOX4, IL-1β and IL-6, in rAAV2-LMP10-injected retinas were
also remarkably lower in IMD-0354-treated mice than in vehicle con-
trols (Fig. 5, lanes 5 vs 4). IMD-0354 had a similar effect in rAAV2-GFP-
injected retinas (Figs. 4 and 5, lanes 6 vs 3). Interestingly, IMD-0354
treatment did not significantly affect PTEN and p-AKT levels, but sig-
nificantly inhibited Ang II-induced enhancement of p-IKKα/β, p-IkBa
and p-p65 levels in rAAV2-LMP10- or rAAV2-GFP-injected retinas. The
reduction of total IkBa induced by Ang II in rAAV2-injected groups was
also markedly reversed by IMD-0354 (Fig. 6, lanes 5 vs 4, lanes 6 vs 3,
respectively). There was no difference in these alterations between the
two groups after saline infusion (Figs. 4–6).

4. Discussion

In this study, we demonstrated for the first time that LMP10 ex-
pression and its trypsin-like activity were significantly increased in Ang
II-treated retinas or patients with hypertensive retinopathy. Knockout
of LMP10 significantly attenuated Ang II-induced increases in retinal
structural remodeling, vascular permeability, oxidative stress and in-
flammation, but these abnormalities were aggravated by over-
expression of rAAV2-LMP10. Interestingly, administration of IKKβ
specific inhibitor IMD-0354 markedly blocked Ang II-induced patho-
logical changes. Mechanistically, LMP10 promoted PTEN degradation
and caused activation of AKT/IKKβ signaling, which induced IkBa
ubiquitination and subsequent degradation, ultimately resulting in ac-
tivation of NF-kB target genes during retinopathy (Fig. 6B). Thus, this
study highlighted the critical role for LMP10 in regulating Ang II-in-
duced retinopathy in mice. Inhibition of LMP10 or IKKβ could serve as

Fig. 2. Deficiency of LMP10 attenuates Ang II-induced retinal thickness and vascular permeability. A, Representative H&E staining of central retinal sections and quantification of central
retinal thickness of wild-type (WT) and LMP10 knockout (KO) mice 3 weeks after saline or Ang II infusion (n= 10 mice per group). B, Representative H&E staining of peripheral retinal
sections (left) and quantification of retinal thickness (n= 10 mice per group). C, Representative angiograms for retinal vessels and quantification of fluorescence intensity. White arrows
showed perivascular fluorescein leakage (right, n= 6 mice per group). D, Representative isolectin B4 staining of central retinal sections for endothelial cell proliferation (left) and
quantification of fluorescence intensity (right, n= 6 mice per group). Nuclei were counterstained with DAPI (blue). Scale bar, 50 µm. E, qPCR analysis of VEGF mRNA expression in the
retinas (n= 6 mice per group). F, Immunoblotting analysis of VEGF expression (left) in the retinas and quantification of protein bands (right) (n= 4 mice per group). GAPDH as an
internal control. Data are the mean± SEM. *P < 0.05, **P < 0.01 versus saline-infused WT mice; #P < 0.05 versus Ang II-infused WT mice. GCL, ganglion cell layer; IPL, inner
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium.
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a novel therapeutic target for hypertensive retinopathy.
The primary function of the immunoproteasome was originally re-

ported to improve the MHC-I antigen presentation and regulate im-
mune responses [7]. Previous studies showed that the immunosubunits
LMP2 (β1i) and LMP7 (β5i) existed in both rat and human retinas [9],
and the expression of these immunosubunits was approximately 2-fold

higher in the normal retina than in the brain [23], suggesting a critical
role in maintaining retinal homeostasis. Moreover, aging and chronic
oxidative stress upregulate the expression and proteasome activities of
LMP2 (β1i) and LMP7 (β5i) in the retinas and cultured retinal pigment
epithelial (RPE) cells [9,24]. A study we carried out recently indicated
that hypertensive stimuli, such as Ang II and high-salt, upregulated the

Fig. 3. Knockout of LMP10 reduces Ang II-induced retinal oxidative stress and inflammation. A, Representative dihydroethydium (DHE) staining of central retinal sections (upper) and
quantification of DHE intensity (lower) of wild-type (WT) and LMP10 knockout (KO) mice 3 weeks after saline or Ang II infusion (n=6 mice per group). B, qPCR analysis of the mRNA
levels of NOX1 and NOX4 in the retinas (n= 6 mice per group). C, Representative immunohistochemical staining of calcium-binding adapter molecule 1 (Iba1, arrow) in the retinas
(upper) and quantification of Iba-positive cells (lower, n= 6 mice per group). Scale bar, 50 µm. D, qPCR analysis of the mRNA levels of IL-1β and IL-6 in the retinas (n= 3 mice per
group). E, Immunoblotting analysis of the protein levels of LMP10, PTEN, p-AKT, AKT, p-IKKα/β, IKKα, IKKβ, p-IkBα, IkBα, p-p65 and p65 in the retinas. F, Quantification of the protein
bands (n= 4 mice per group). GAPDH as an internal control. Data are the mean± SEM. *P < 0.05, **P < 0.01 versus saline-infused WT mice; #P < 0.05, ##P < 0.01 versus Ang II-
infused WT mice. IL-1β, interleukin-1β; IL-6, interleukin-6; NOX, NADPH oxidase. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform
layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium.
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Fig. 4. Overexpression of LMP10 accelerates, whereas IKKβ inhibitor blunts, Ang II-induced retinal thickness and vascular permeability. A, Representative H&E staining of central retinal
sections and quantification of central retinal thickness in WT mice injected with rAAV2-GFP (2.4× 1012 pfu/ml) or rAAV2-LMP10 (2.4×1012 pfu/ml) in the presence or absence of IKKβ
inhibitor IMD-0354 (30mg/kg/d) 3 weeks after saline or Ang II infusion (n= 10 mice per group). B, Representative angiograms for retinal vasculature, isolectin B4 (red) staining of
central retinal sections and quantification of fluorescence intensity (right, n= 6 mice per group). White arrows showed perivascular fluorescein leakage. Nuclei were counterstained with
DAPI (blue). Scale bar, 50 µm. FA, Fluorescence angiography. C, qPCR analysis of VEGF mRNA levels in the retinas (n= 6 mice per group). D, Immunoblotting analysis of VEGF protein
levels in the retinas (left). Quantification of the protein bands (right, n=4 mice per group). GAPDH as an internal control. Data are the mean± SEM. *P < 0.05 versus rAAV2-GFP-
injected mice infused with saline; #P < 0.05 versus rAAV2-GFP-injected mice infused with Ang II; &P < 0.05 versus rAAV2-LMP10-injected mice infused with Ang II; $P < 0.05 versus
rAAV2-GFP-injected mice infused with Ang II.

Fig. 5. Overexpression of LMP10 aggravates, but IKKβ inhibitor suppresses, Ang II-induced retinal oxidative stress and inflammation. A, Representative dihydroethydium (DHE) staining
of central retinal sections in WT mice injected with rAAV2-GFP (2.4× 1012 pfu/ml) or rAAV2-LMP10 (2.4× 1012 pfu/ml) in the presence or absence of IKKβ inhibitor IMD-0354 (30mg/
kg/d) 3 weeks after saline or Ang II infusion. Scale bar, 50 µm. B, Quantification of DHE intensity in the retinas (n= 6 mice per group). C, qPCR analysis of the mRNA levels of NOX1 and
NOX4 in the retinas (n= 6 mice per group). D, Representative immunohistochemical staining of Iba1 (arrow) in the retinas. Scale bar, 50 µm. E, Quantification of Iba1-positive cells
(n=6 mice per group). F, qPCR analysis of the mRNA levels of IL-1β and IL-6 in the retinas (n= 6 mice per group). Data are the mean± SEM. *P < 0.05, **P < 0.01 versus rAAV2-
GFP-injected mice infused with saline; #P < 0.05, ##P < 0.01 versus rAAV2-GFP-injected mice infused with Ang II; &P < 0.05 versus rAAV2-LMP10-injected mice infused with Ang II;
$P < 0.05 versus rAAV2-GFP-injected mice infused with Ang II.
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expression of multiple immunosubunits in the heart, and knockout of
LMP10 significantly attenuated DOCA-salt-induced hypertension and
cardiac remodeling in mice [8]. Here we extended previous findings,
and provided new evidence supporting LMP10 playing a critical role in
Ang II-induced retinal abnormalities, including vascular permeability,
oxidative stress and inflammation (Figs. 2–5).

Inflammation is a common feature of retinopathy and plays an
important role in the initiation and development of retinopathy [1].
Studies have demonstrated that inflammation and ROS can promote
endothelial cell (EC) proliferation, migration, and tube formation
[25,26]. IL-6 is involved in the pathologic process of retinopathy.
Knockout of IL-6 attenuates retinal vascular inflammation, NADPH
oxidase activity and VEGF expression [27]. NADPH oxidase NOX1 and
NOX4 are main sources of ROS generation in retinal ECs [18,28]. In-
creased expression of NOX4 in retinal ECs results in upregulation of

VEGF and activation of VEGFR2/ERK signaling, which contribute to
retinal vascular leakage in oxygen-induced retinopathy [29]. Im-
portantly, NF-kB signaling appears to be a key regulator of IL-6, NADPH
oxidase and VEGF, thereby controlling inflammation, oxidative stress
and vascular dysfunction [29,30]. The activity of NF-kB is primarily
regulated by the IKK complex through the phosphorylation of IκBα with
subsequent ubiquitination and degradation by the proteasome [31].
The PI3K/AKT pathway can activate IKK-mediated NF-kB signaling,
while the phosphatase PTEN negatively regulates this process. Inter-
estingly, in addition to IκBα, PTEN stability is ubiquitinated and de-
graded by the proteasome [21,32]. However, whether LMP10 is in-
volved in regulating PTEN and IκBα stability, and their downstream
signals in retinopathy, remains unclear. Increasing evidence has in-
dicated that the immunoproteasome regulates more efficiently immune
signaling pathways, such as IKK/IkBα/NF-κB, than the standard

Fig. 6. Effect of Overexpression of LMP10 or IKK inhibitor on PTEN-AKT and IKK/IkBα/NF-kB signals in the retinas after Ang II infusion. A, Immunoblotting analysis of the protein levels
of PTEN, p-AKT, AKT, p-IKKα/β, IKKβ, p-IkBα, IkBα, p-p65 and p65 in the retinas and quantification of the protein bands (n= 4 mice per group). GAPDH as an internal control. Data are
the mean± SEM. *P < 0.05 versus rAAV2-GFP-injected mice infused with saline; #P < 0.05 versus rAAV2-GFP-injected mice infused with Ang II; &P < 0.05 versus rAAV2-LMP10-
injected mice infused with Ang II; $P < 0.05 versus rAAV2-GFP-injected mice infused with Ang II. B, A working model for LMP10 to regulate Ang II-induced signaling pathways and
retinopathy. In response to Ang II, increased LMP10 promotes PTEN degradation and activation of AKT/IKK signaling, which induces phosphorylation and subsequent degradation of
IkBα, ultimately resulting in activation of NF-kB targets and retinopathy.
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proteasome [7]. As expected, our results indicated that Ang II-induced
upregulation of LMP10 promotes PTEN degradation and AKT/IKKβ
activation, which induced IkBα degradation, leading to activation of
NF-kB and its target genes in the retinas (Figs. 3E and 6A), further
demonstrating an important role for LMP10 in regulating PTEN/AKT/
IKK/IkBα/NF-kB signaling in Ang II-induced retinopathy.

IKKβ is a key upstream kinase that is necessary for classical NF-κB
activation. It has been implicated in diabetic retinopathy (DR), sug-
gesting that IKKβ/NF-κB signaling may present a promising therapeutic
target for this disease. Notably, local IKKβ/NF-kB inhibition within the
eye also achieves a therapeutic effect while avoiding systemic toxicity
[8]. The small molecule TPCA-1, a specific IKKβ inhibitor, efficiently
inhibits NF-κB activation and attenuates laser-induced retinal vascular
leakage and macrophage accumulation [33]. Administration of IMD-
0354, a non–ATP-binding competitive selective IKKβ inhibitor, also
significantly suppresses retinal inflammation and vascular damage in
streptozotocin-induced diabetic mice [34]. However, little information
about the effect of IMD-0354 on Ang II-induced hypertensive retino-
pathy has been reported. Here our results demonstrated that adminis-
tration of IMD-0354 efficiently attenuated Ang II-induced retinal
structural remodeling, vascular permeability, oxidative stress and in-
flammation in LMP10-injected mice (Figs. 4–5). These effects were
associated with increased IkBa stability and inhibition of NF-kB activity
and its downstream targets including IL-1β, IL-6, NOX1, NOX4 and
VEGF expression induced by Ang II (Figs. 4C–D, 5C, 5F and 6A). Thus,
these results suggested that inhibition of IKKβ may represent a pro-
mising therapeutic target for preventing hypertensive retinopathy.

In conclusion, this study demonstrated for the first time that the
expression and trypsin-like activity of LMP10 were significantly upre-
gulated in Ang II-treated retinas and in the serum of patients with hy-
pertensive retinopathy. Knockout of LMP10 markedly reduced central
retinal thickness, vascular permeability, oxidative stress and in-
flammation. IKKβ inhibitor IMD-0354 had a similar beneficial effect.
This study highlighted the importance of LMP10 as a driver for hy-
pertensive retinopathy and possible target for future therapy. Further
studies are needed to test the effect of LMP10 on retinopathy in other
animal models and to develop novel LMP10 inhibitors for treating hy-
pertensive retinopathy.
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