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Inflammation is associated with retinal diseases. Our recent data
demonstrate that immunoproteasome catalytic subunit b2i con-
tributes to angiotensin II (Ang II)-induced retinopathy in mice.
Here, we investigated the role of another catalytic subunit b5i in
regulating retinopathy and its underlying mechanisms. We
induced a murine model of retinopathy by infusing Ang II
(3,000 ng/kg/min) for 3 weeks into wild-type (WT) mice, b5i-
knockout (KO) mice, or WT mice injected with either adeno-
virus-expressing b5i (Ad-b5i) or angiotensin II type 1 receptor
(AT1R)-associated protein (Ad-ATRAP), which inhibits AT1R.
The b5i expression and chymotrypsin-like activity were most
significantly elevated in Ang II-infused retinas and serum from
patients with hypertensive retinopathy. Moreover, Ang II infu-
sion-induced retinopathy was markedly attenuated in b5i-KO
mice but aggravated in Ad-b5i-injected mice. Accordingly, b5i
KO markedly restored Ang II-induced downregulation of
ATRAP and activation of AT1R downstream mediators, which
was further enhanced in Ad-b5i-injected mice. Interestingly,
overexpression of ATRAP significantly abrogated Ang II-
induced retinopathy in Ad-b5i-injected mice. This study found
that b5i promoted Ang II-induced retinopathy by promoting
ATRAP degradation and activation of AT1R-mediated signals.
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INTRODUCTION
Systemic elevated blood pressure (BP), which may affect ocular struc-
ture and function, has been associated with a wide range of major eye
diseases.1 Signs of hypertensive retinopathy (HR) are common, found
in about 10% of the general adult non-diabetic population. Thus, high
systemic BP has been regarded as a risk indicator for systemic
morbidity and mortality worldwide.2 Studies have revealed that the
blood vessels of the eye are just as vulnerable to high systemic BP
as are other vessels throughout the body. Systemic hypertension is
strongly associated with changes in the retinal microvasculature,
including retinal arteriolar narrowing, arteriovenous nicking, retinal
hemorrhages, microaneurysms, and in severe cases, optic-disc and
macular edema.2,3 Increasing evidence suggests that neurohumoral
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factors such as the renin-angiotensin-aldosterone system (RAAS)
play pivotal roles in hypertension, not only by regulating BP but
also by being involved in the pathophysiology of eye disease in hyper-
tension. Angiotensin II (Ang II), a major effector of the RAAS, has
been implicated in the regulation of vasoconstriction, intraocular
pressure, cell proliferation, angiogenesis, fibrosis, inflammation, and
superoxide production, all through angiotensin II type 1 receptor
(AT1R).4 Indeed, activation of AT1R has been implicated in the path-
ogenesis of many ocular disorders, such as diabetic retinopathy, hyp-
oxia-induced retinopathy, and age-related macular degeneration
(AMD).5–7 However, the molecular mechanism that regulates the
activation of AT1R signaling in HR remains unclear.

The 26S proteasome is a multi-enzyme complex that provides the
main pathway for degradation of intracellular proteins in eukaryotic
cells. It plays a critical role in regulating cellular processes, such as cell
cycle, gene expression, signal transduction, and degradation of
damaged and misfolded proteins.8,9 There are two types of protea-
somes: standard and inducible (also known as an immunoprotea-
some). The standard proteasome core particle contains three catalytic
b subunits, b1, b2, and b5, which, respectively, have caspase-like,
trypsin-like, and chymotrypsin-like activities. These standard sub-
units can be replaced in nascent proteasomes with the inducible sub-
units, low-molecular-weight protein 2 (LMP2 [b1i]), multicatalytic
endopeptidase complex subunit (MECL [b2i]), and LMP7 (b5i),
which form the core of the immunoproteasome. Upon stimulation
by inflammatory cytokines such as interferon gamma (IFN-g) and
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tumor necrosis factor alpha (TNF-a), these standard b subunits can
be replaced by three inducible b-subunits (also known as immunosu-
bunits), including b1i (LMP2, proteasome subunit beta type-9
[PSMB9]), b2i (MECL-1, PSMB10), and b5i (LMP7, PSMB8). They
are preferentially incorporated during proteasome assembly to form
the immunoproteasome.10,11 The immunosubunits are constitutively
expressed in immune cells and induced in nonimmune cells in
response to various stimuli, such as cytokines, Ang II, and optic-nerve
crush (ONC).10,12 Previous research has indicated that the immuno-
subunits b1i and b5i are mainly detected in the retinal inner (IPL) and
outer plexiform layers (OPL), photoreceptor inner segments (ISs),
and retinal pigment epithelium (RPE) cells,13 containing ganglion
cell, amacrine,12 microglia, astrocytes,14 endothelial cells, pericytes,15

Müller cells, photoreceptor, and pigment epithelium cells.13,16 The
expression of these immunosubunits is markedly upregulated
(approximately 4-fold) in retinal sections, such as glial cells, in
response to cytotoxic T lymphocytes (CPLs)13 and in the macula
and periphery at all stages of AMD.16 Other studies have demon-
strated that the immunosubunits are involved in the regulation of
retinopathy. Deficiency of the immunosubunits (either b1i alone or
both b5i and b2i) attenuates ONC-induced apoptosis of RPE cells.12

Furthermore, our recent results demonstrate that b2i knockout (KO)
improves HR in mice.17 However, whether other catalytic subunits
participate in the development of Ang II-induced retinopathy and,
if so, by what underlying mechanism remain to be explored.

In the present study, b5i was for the first time identified as a critical
regulator of HR in mice. Our findings provide novel insights into
the mechanism of Ang II-induced retinopathy by linking b5i to
AT1R-associated protein (ATRAP) stability, which inhibits AT1R-
mediated retinopathy, and they suggest that b5i may represent a novel
therapeutic target for HR.

RESULTS
b5i Expression Was Upregulated in HR

To explore the role of immunoproteasomes in HR, we infused WT
mice with a high dose of Ang II (3,000 ng/kg/min) for 3 weeks.17

Immunoblotting showed that Ang II infusion time-dependently
increased b5i proteins in the retina, compared with saline control
(Figure S1C). We then analyzed proteasome activities at 3 weeks after
Ang II infusion and found that chymotrypsin-like activity in retinal
tissues had increased more than caspase-like and trypsin-like activity
had in Ang II-treated mice compared with saline-treated mice (Fig-
ure 1A). qPCR analysis showed that among the six catalytic subunits
of the proteasome, b5i was the most upregulated in the same tissues
(Figure 1B), indicating that b5i contributed to the increase in chymo-
trypsin-like activity. Correspondingly, immunoblotting analysis
confirmed the increase of b5i expression at the protein level (Fig-
ure 1C). We also observed that trypsin-like activity and b2i expres-
sion were markedly increased in Ang II-infused retinas (Figures 1B
and 1C), which was consistent with our previous results.17 Further-
more, immunohistochemistry (IHC) showed that b5i protein was
mildly expressed in the ganglion cell layer (GCL), IPL, inner nuclear
layer (INL), OPL, and RPE at basal condition and was remarkably
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induced by Ang II in the regions of the GCL, IPL, INL, and OPL of
the retinas, which contain ganglion cells, astrocytes, microglia, ama-
crine, endothelial cells, and pericytes (Figure 1D). These observations
were consistent with previous findings.12–17

To verify these findings in our hypertensive human patients, we
further examined chymotrypsin-like activity and b5i expression in
these patients. There was no age, gender, or other confounding differ-
ence between control and patient populations (Table 1). Immunoflu-
orescence (IF) staining revealed that the expression pattern of b5i
proteins in retinas from normal control and HR patients was similar
to that in the mouse retinas at baseline and after Ang II infusion (Fig-
ure 1E). Accordingly, serum b5i level and chymotrypsin-like activity
were higher in patients with HR (n = 30) than in controls (n = 31; Fig-
ures 1F and 1G; Table 1). Overall, these results indicated that
increased b5i expression in the retinas may play a role in the develop-
ment of HR.

b5i Deficiency Improved Ang II-Induced Retinopathy

To investigate the effect of b5i on HR, we subjected WT and b5i-KO
mice to Ang II for 3 weeks. We found that Ang II-induced elevation of
systolic BP (SBP) in WT mice was reduced in b5i-KO mice, but we
observed no statistically significant difference between the two groups
(Figure S2A). Moreover, b5i-KO mice showed a significant reduction
in b5i expression and chymotrypsin-like activity compared with WT
controls after saline or Ang II infusion (Figure S2B). Ang II infusion
markedly increased the thickness of inner retinal layers, especially the
GCL, IPL, and INL in the central area, which were markedly reduced
in b5i-KO mice (Figure 2A). Interestingly, Ang II infusion did not
affect peripheral retinal thickness (Figure 2A).

We then examined whether b5i KO influenced inflammation and su-
peroxide production in Ang II-infused retinas. IHC staining indicated
that Ang II infusion caused more infiltration of Iba1-positive micro-
glia/macrophages into the inner retinal layer compared with saline
treatment, but this effect was markedly attenuated in b5i-KO mice
(Figure 2B). Furthermore, Ang II infusion significantly induced in-
crease of superoxide production (as indicated by dihydroethidium
[DHE] staining) in the GCL and INL in WT mice, which was also
suppressed in Ang II-treated b5i-KO mice (Figure 2B). Correspond-
ingly, Ang II induced upregulation of inflammatory cytokines (IL-1b,
IL-6) and NADPH oxidases NOX1 and NOX4 at the mRNA level in
WT animals compared with saline-infused mice, whereas this in-
crease was markedly attenuated in Ang II-treated b5i-KO retinas
(Figure 2C). We observed no significant differences in these parame-
ters between the two groups after saline infusion (Figures 2A–2C).

We next tested whether b5i KO altered retinal arteriolar structure.
Fluorescence angiography showed that arteriolar narrowing (re-
flected by artery-to-vein ratio) and tortuosity were also significantly
attenuated in b5i-KO retinas compared with WT controls after
Ang II infusion (Figure 2D). Because oscillatory potentials (OPs)
are a method for assessing the functional state of the retina and a
sensitive indicator in mild disturbances of retinal circulation in



Figure 1. b5i Expression Was Upregulated in Ang II-Infused Mice and in Patients with HR

(A) WT mice were infused with Ang II at a dose of 3,000 ng/kg/min or with saline for 3 weeks. We then measured proteasome (caspase-like, trypsin-like, and chymotrypsin-

like) activities in the mouse retinas (n = 3 per group). (B) qPCR analysis of expression of proteasome catalytic subunits (b1, b2, b5, b1i, b2i, and b5i) in the retinas (n = 4 per

group). (C) Immunoblotting analysis of immunosubunits (b1i, b2i, and b5i; upper) and quantification of protein levels (lower; n = 3 per group). We used glyceraldehyde

3-phosphate dehydrogenase (GAPDH) as an internal control. (D) Immunostaining for b5i with anti-b5i antibody in retinal sections (left) and quantification of red fluorescence

intensity (right; n = 5 per group). (E) Immunostaining for b5i antibody in retinal tissues from normal human controls and from HR patients (left), and quantification of red

fluorescence intensity (right; n = 3 per group). Nuclei were counterstained with DAPI (blue). Scale bars: 50 mm. (F and G) Analysis by ELISA of b5i concentration (F) and

chymotrypsin-like activity (G) in serum of controls (n = 31) and of HR patients (n = 30). Data are presented as mean ± SEM. *p < 0.05, **p < 0.01 versus saline or normal

controls.
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early-stage HR,18,19 we then performed an electroretinogram (ERG).
Ang II significantly decreased amplitude of OPs inWT retinas, which
was reversed in Ang II-treated b5i-KO mice (Figure 2E). Because it is
known that the a-wave represents photoreceptor function, whereas
the b-wave represents the subsequent bipolar cell depolarization, we
next measured amplitude and timing of these waves in the retinas.
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Table 1. Baseline Characteristics of Normotensive Control Subjects and

Hypertensive Retinopathy Patients

Parameter
Normotensive
Controls (n = 31)

Hypertensive
Retinopathy (n = 30)

Age (years) 53 ± 14 55 ± 12

Male (%) 59.0 61.0

Systolic blood pressure (mm Hg) 115 ± 30 154 ± 14*

Diastolic blood pressure (mm Hg) 78 ± 17 95 ± 24*

Smoke (%) 31.6 29.3

Alcohol drinking (%) 16.6 21.0

Hypertension history, years – 13.7 ± 9.2

Hypertensive nephropathy (%) – 11.3

Examination

Cholesterol (mmol/L) 5.1 ± 1.2 5.1 ± 0.9

Triglycerides (mmol/L) 1.4 ± 0.4 1.6 ± 0.8

HDL (mmol/L) 1.4 ± 0.3 1.1 ± 0.6**

LDL (mmol/L) 2.9 ± 0.5 2.9 ± 0.7

Creatinemia (mmol/L) 63.1 ± 23.9 77.1 ± 29.9***

Fasting blood glucose (mmol/L) 5.2 ± 2.3 5.2 ± 0.7

White blood cell count (109/L) 6.1 ± 1.7 6.3 ± 2.20

Medications

ACEI/ARB (%) – 21.3

Beta-blocker (%) – 50.0

Calcium channel blockers (%) – 42.0

Statin (%) 35.5 31.3

The parameters are the mean ± SEM or n (%). ACEI, angiotensin-converting enzyme
inhibitor; ARB, angiotensin receptor blocker; HDL, high-density lipoprotein; LDL,
low-density lipoprotein. *p < 0.001, **p < 0.01, ***p < 0.05 versus control.
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Accordingly, reduction in b-wave amplitude in Ang II-infused retinas
was also markedly restored in Ang II-treated b5i-KO retinas (Fig-
ure 2E). b5i KO did not affect b-wave timing or a-wave amplitude
compared with WT control after Ang II infusion (Figures S2D and
S2E). There was no significant difference in OPs, amplitude, or timing
of a-wave or b-wave between WT and b5i-KO mice after saline infu-
sion (Figures 2E, S2D, and S2E), indicating that b5i KO improved
Ang II-induced inner retinal dysfunction. Taken together, these re-
sults suggested that b5i deletion prevented Ang II-induced inflamma-
tion, oxidative stress, arteriolar remodeling, and retinal dysfunction in
the process of retinopathy.

Increased b5i Expression Exacerbated Retinal Thickness,

Inflammation, Oxidative Stress, and Arteriolar Remodeling after

Ang II Infusion

To further determine whether forced b5i expression aggravated Ang
II-induced retinopathy, we gave WT mice intravitreal (IVT) injec-
tions of adenovirus-expressing b5i (Ad-b5i) or adenoviruses express-
ing GFP (Ad-GFP) at a dose of 1.2 � 1012 plaque-forming units
(PFUs)/mL and then infused them with Ang II for 3 weeks. Infection
efficiency was detected by GFP fluorescence or immunostaining with
282 Molecular Therapy Vol. 28 No 1 January 2020
anti-b5i after injection. We found that b5i proteins were mainly ex-
pressed and colocalized with GFP in the GCL, IPL, INL, OPL, and
RPE but less expressed in the retinal ONL after infection (Figure S3A).
Moreover, Ang II infusion-induced elevation of SBP was further
enhanced in Ad-b5i-injected mice compared with Ad-GFP-injected
controls, but there was no significant difference between the two
groups (Figure S3B). In addition, increases in central retinal thickness
(Figure 3A); infiltration of Iba1-positive microglia/macrophages (Fig-
ure 3B); superoxide level as indicated by DHE staining (Figure 3B);
arteriolar narrowing reflected by decreased artery-to-vein ratio, tortu-
osity, and vascular permeability (indicated by typically diffuse pale-
green areas; Figure 3C); and the decrease in amplitude of OPs and
b-waves in Ang II-infused retinas that Ang II infusion had induced
in WT retinas were accelerated in Ad-b5i-injected mice as well (Fig-
ure 3D). Overall, these data indicated that b5i overexpression exacer-
bated Ang II-induced retinopathy.

b5i Activated AT1R-Mediated Signals by Targeting ATRAP

Degradation

We next aimed to elucidate the mechanism by which b5i affected Ang
II-induced retinopathy. Because ATRAP is reported to directly
interact with and inhibit AT1R activation,20 we examined the expres-
sion of AT1R and ATRAP in the retina. Immunostaining showed that
AT1R and ATRAP proteins were mainly expressed and colocalized in
the GCL, IPL, INL, OPL, and RPE at baseline (Figure S4A). The
expression pattern of ATRAP was similar to that of b5i in the retinas
(Figure 1D). Furthermore, immunoblotting indicated that AT1R pro-
tein levels were not significantly changed in the retina after saline or
Ang II infusion (Figure 4A). However, Ang II infusion clearly reduced
retinal ATRAP protein levels at 3 weeks (Figure 4A) or in a time-
dependent manner (Figure S4B), rather than mRNA levels (Fig-
ure S4C), compared with saline controls. This decrease was markedly
reversed in Ang II-treated b5i-KO mice (Figure 4A) but further
aggravated in Ad-b5i-injected mice (Figure 4B), suggesting that b5i
predominantly targeted ATRAP for degradation.

To further investigate whether b5i was directly associated with
ATRAP, we performed a co-immunoprecipitation (coIP) assay in
mouse retinal tissues. We found that b5i did not efficiently interact
with ATRAP (Figure S4D). We then determined the location of
ATRAP and b5i in the retina. Immunostaining showed that b5i
was colocalized with ATRAP in the GCL, IPL, INL, OPL, and RPE af-
ter saline or Ang II infusion (Figure S4E).

To further test whether b5i modulation regulated activation
of AT1R-mediated signals, we examined multiple downstream
mediators of AT1R. Immunoblotting revealed that Ang II infusion
activated the nuclear factor k-light-chain-enhancer of activated
B cells/p65 (NF-kB/p65), transforming growth factor beta
(TGF-b)/Smad2/3, Akt, and extracellular signal-regulated kinase 1/
2 (ERK1/2) signaling pathways in the retina (Figures 4C, 4D, S5A,
and S5B). This activation was markedly suppressed in b5i-KO
mice (Figures 4C and S5A) but enhanced in Ad-b5i-injected mice
(Figures 4D and S5B). These results indicated that b5i activated



(legend on next page)
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AT1R-mediated pathways by promoting ATRAP degradation in Ang
II-induced retinopathy.

b5i-Enhanced Retinopathy Was Attenuated by Overexpression

of ATRAP after Ang II Infusion

To specifically determine whether ATRAP was involved in b5i-
mediated retinopathy induced by Ang II infusion, we injected WT
mice with Ad-GFP and Ad-b5i together, with or without Ad-
ATRAP, and then infused them with Ang II for 3 weeks. High infec-
tion efficiency of the retinas was achieved 3 days after adenovirus
delivery. Although GFP fluorescence was strongly detected in the
ONL, ATRAP proteins were mainly expressed and colocalized
with GFP in the GCL, IPL, INL, and OPL (Figure S6A), which
was consistent with b5i in the retinas (Figure 1D). Expression levels
of Ad-b5i and Ad-ATRAP in the retinas were roughly doubled
compared with Ad-GFP control after Ang II infusion (Figure 6A).
Notably, local retinal Ad-ATRAP injection did not influence SBP
compared with Ad-GFP injection after either saline or Ang II infu-
sion (Figure S6B). However, ATRAP overexpression in the retinas
significantly blunted Ang II-induced increases in central retinal
thickness; infiltration of Iba1-positive microglia/macrophages; su-
peroxide level as indicated by DHE staining; and arteriolar narrow-
ing reflected by decreased artery-to-vein ratio, tortuosity, and
vascular permeability (indicated by typically diffuse pale-green
areas) compared with saline-treated Ad-GFP controls (Figures
5A–5C, lane 2 versus lane 1). This suggested that ATRAP played
a protective role against Ang II-induced retinopathy in the mice.
By contrast, overexpression of b5i accelerated Ang II-induced reti-
nopathy (Figures 5A–5C, lane 3 versus lane 1), which was consistent
with the results shown in Figure 3. As expected, ATRAP overexpres-
sion also attenuated retinopathy as indicated by increased central
retinal thickness, infiltration of Iba1-positive microglia/macro-
phages, superoxide level, and arteriolar narrowing aggravated by
Ad-b5i injection compared with Ad-GFP treatment after Ang II
infusion (Figures 5A–5C, lane 4 versus lane 3). In accordance
with these results, the protein levels of p-p65, TGF-b, phosphory-
lated ERK1/2 (p-ERK1/2), and phosphorylated Akt (p-Akt) in the
retinas of Ad-GFP-injected mice were also markedly attenuated in
Ad-ATRAP-injected mice after Ang II infusion (Figure 6A, lane 2
versus lane 1). Furthermore, overexpression of ATRAP reduced
Ang II-induced upregulation of p-p65, TGF-b, p-ERK1/2, and
p-Akt protein levels in retinas injected with Ad-b5i (Figure 6A,
lane 4 versus lane 3). Overall, these results indicated that ATRAP
overexpression attenuated b5i-mediated retinopathy in mice after
Ang II infusion.
Figure 2. Genetic Ablation of b5i Reduced Ang II-Induced Retinal Thickness, In

(A) WT and b5i KO mice were infused with Ang II at a dose of 3,000 ng/kg/min or saline

sections (left) and quantification of retinal thickness (right; n = 10 per group). (B) Represe

respectively, in the retinas (left). Quantification of Iba1-positive microglia/macrophages a

IL-1b, NOX1, NOX4, and ph22phox mRNA levels in the retinas (n = 6 per group). (D) R

fluorescein leakage. Arteriovenous ratio and quantification of fluorescence intensity

Representative oscillatory potential waveforms (left) and quantification of amplitude (m

presented as mean ± SEM. *p < 0.05, **p < 0.01 versus saline controls or Ang II-infuse
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DISCUSSION
The present study demonstrated for the first time that immunosubu-
nit b5i played a critical role in regulating Ang II-induced retinopathy
by targeting ATRAP degradation inmice. Deletion of b5i significantly
attenuated Ang II-induced retinal thickness, inflammation, oxidative
stress, and retinal remodeling. Conversely, overexpression of b5i
aggravated these effects. Furthermore, we found that ATRAP was a
target of b5i, and that ATRAP overexpression attenuated Ang
II-induced retinopathy in the setting of b5i overexpression in the
retina. Mechanistically, b5i promoted ATRAP degradation, which
activated AT1R-mediated signals, thereby leading to retinopathy
(Figure 6B). These findings suggested that b5i may represent a ther-
apeutic target for treating HR.

It is well documented that the primary function of the immunopro-
teasome is to regulate antigen presentation and immune response.11

Increasing evidence shows that immunosubunits such as b1i and
b5i are expressed in rat and human retinas, especially in the GCL,
IPL, and OPL.16,19 Moreover, the expression of such immunosubunits
and relative proteasome activities are markedly upregulated in retinas
and cultured RPE in response to aging and chronic oxidative
stress.21,22 Consistent with these observations, our results confirmed
that b5i protein was mildly expressed in the GCL, IPL, INL, OPL,
and RPE of the retinas at baseline and was remarkably induced by
Ang II in these regions except RPE. Accordingly, b5i level and chymo-
trypsin-like activity were the most upregulated in Ang II-treated ret-
inas and in the serum of patients with HR, compared with controls.
This suggests that b5i may play a role in the development of retinal
pathophysiology. Indeed, our recent results have shown that KO of
b2i remarkably reduced Ang II-induced retinopathy.17 In this study,
we extended our previous findings and further demonstrated that
Ang II infusion-induced retinopathy was remarkably reduced in
b5i-KO mice but aggravated in b5i-overexpressing mice, suggesting
that increased b5i expression efficiently promoted Ang II-induced
retinopathy.

High arterial BP is linkedwith retinal microvascular abnormalities and
prevalence of retinal-vein occlusion and retinopathy.1,2 The RAAS is a
key signaling pathway that plays an important role in regulating intra-
ocular pressure and vasoconstriction of the retinal vascular bed
through AT1R. It is well reported that the intracellular C-terminal
tail of AT1R is involved in the activation of receptor-mediated
signaling pathways induced by Ang II, including inflammation, oxida-
tive stress, and production of growth factors in the process of ocular
pathology.1 Indeed, blocking AT1R activation with inhibitors has
flammation, Oxidative Stress, and Vascular Dysfunction in Mice
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Figure 3. Overexpression of b5i Aggravated Ang II-Induced Retinopathy in Mice

(A) WTmice were locally injected with Ad-b5i or Ad-GFP at a dose of 1.2� 1012 PFUs/mL and then infused with Ang II (3,000 ng/kg/min) for 3 weeks. Representative images

of H&E staining for central or peripheral retinal sections (left) and quantification of retinal thickness (right; n = 10 per group). (B) Representative images of IHC and DHE staining

(legend continued on next page)
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Figure 4. b5i Regulated AT1R-Mediated Downstream

Signals by Targeting ATRAP Degradation

(A and C) WT and b5i KO mice were infused with Ang II at a

dose of 3,000 ng/kg/min or saline for 3 weeks. Represen-

tative immunoblotting analysis of b5i, AT1R, ATRAP,

p-p65, p65, TGF-b, Smad2/3, Smad3, p-Smad2/3,

ERK1/2, p-ERK1/2, Akt, and p-Akt protein levels in the

retinas (n = 4 per group). (B and D) WT mice were locally

injected with Ad-b5i or Ad-GFP at a dose of 1.2 � 1012

PFUs/mL and then infused with Ang II (3,000 ng/kg/min) for

3 weeks. Immunoblotting analysis of the corresponding

proteins in the mouse retinas was performed as in (A) (n = 4

per group). GAPDH is an internal control.
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been found to improve pathology in ocular diseases such as oxygen-
induced and diabetic retinopathies.5,6 The central retinal artery and
its branches supply blood to the inner retinal layers. Studies have
demonstrated that Ang II-induced hypertension causes vessel hyalini-
zation and disruption of the blood-retina barrier, which promote
leakage of serum proteins and lipids into the retina, leading to fluid
and blood accumulation (edema) in multiple layers of the retina.4,23

Moreover, both inflammation and oxidative stress have been reported
to play critical roles in the initiation and development of HR.24,25 Mul-
tiple signaling pathways, including NF-kB, ROS, and TGF-b1-Smad,
are known to contribute to retinopathy.1 NF-kB signaling is a key regu-
lator of IL-6 and ROS.26,27 IL-6 has also been reported to induce retinal
vascular inflammation and ROS activity, leading to arterial remodel-
ing. Furthermore, amacrine cells act as intermediaries between bipolar
and ganglion cells, and can transmit the visual signal to the ganglion
cells. OPs are frequently used to assess amacrine cell function. Several
studies suggest that AT1R has been found in the retina, particularly in
Müller cells, amacrine cells, photoreceptors, the choroid, and RPE.28,29

Interestingly, AT1R is involved in regulating the function of amacrine
cells. Inflammatory cytokines such as TNF-a also induce apoptosis of
amacrine cells.30 Conversely, inhibition of AT1R by an antagonist, val-
sartan, protected against loss of amacrine cells in a retinopathy of pre-
maturity rat model.31 In this study, we showed that Ang II infusion
significantly increased central retinal thickness in the GCL, IPL, and
INL; inflammation; ROS production; arteriolar remodeling; and
amplitude of OPs. All of these were markedly improved in b5i-KO
for Iba1 (arrows) and superoxide production, respectively, in the retinas (left). Quantification of Iba1-positive mic

group). (C) Representative angiograms for retinal vasculature; white arrows show perivascular fluorescein leakage

intensity (n = 6 per group). (D) Representative oscillatory potential waveforms (left) and quantification of amplitude

per group). Scale bars: 50 or 250 mm. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01 versus saline
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mice but accelerated in Ad-b5i-injected mice.
Thus, our results demonstrated that upregulation
of b5i enhanced Ang II-induced inflammation
and oxidative stress, arteriolar remodeling, and
inner retinal dysfunction, thereby leading to reti-
nopathy in mice.

AT1R is a member of the G protein-coupled
receptor (GPCR) superfamily, which mediates
most of Ang II’s well-known effects. Although the molecular
mechanisms of AT1R regulation are not fully elucidated, several
AT1R-binding proteins have been identified as inhibiting AT1R
activation. Among them, ATRAP specifically interacts with the C
terminus of AT1R and promotes AT1R internalization, thereby in-
hibiting AT1R and its downstream signals in the heart, kidneys,
and vascular system.20,32 Interestingly, our recent findings demon-
strate that Ang II stimulation can induce ubiquitin-mediated
degradation of ATRAP by the proteasome,32 but whether immu-
noproteasomes are involved in regulating ATRAP stability remains
unknown. Our current results indicated that Ang II treatment
significantly reduced ATRAP levels but upregulated its down-
stream mediators (p65, TGF-b/Smad2/3, Akt, and ERK1/2) in
the retinas of WT mice; this phenomenon was markedly reversed
in b5i-KO retinas but further enhanced in Ad-b5i-injected retinas.
Furthermore, increased ATRAP expression in the retinas markedly
attenuated Ang II-induced inflammation, oxidative stress, and
microvascular dysfunction, accompanied by reduction of down-
stream signals (p65, TGF-b, Akt, and ERK1/2) in Ad-b5i-injected
retinas. Taken together, these results suggested that b5i promoted
Ang II-induced retinopathy by mediating ATRAP degradation,
which led to the activation of AT1R signaling and retinopathy
upon stimulation with Ang II.

In conclusion, the present study demonstrated for the first time
that b5i modulation is a regulator of HR. ATRAP is a target of
roglia/macrophages and DHE red intensity (right; n = 6 per

(left). Arteriovenous ratio and quantification of fluorescence

(middle; n = 6 per group) and b-wave amplitude (right; n = 6

control or Ang II-infused WT mice.



Figure 5. Increased b5i Expression Accelerated, Whereas ATRAP Blunted, Ang II-Induced Retinopathy

(A) WT mice were locally injected with Ad-b5i together with Ad-ATRAP or Ad-GFP and then infused with Ang II for 3 weeks. Representative H&E staining of the central retina

(left) and quantification of retinal thickness (right; n = 10 per group). (B) Representative Iba1 and DHE staining of the central retinas (left) and quantification of Iba1-positive cells

and DHE fluorescence intensity (right; n = 6 per group). (C) Representative angiograms for retinal vasculature, arteriovenous ratio, and quantification of fluorescence intensity

(n = 6 per group); white arrows show perivascular fluorescein leakage. Scale bars: 50 or 250 mm. Data are presented asmean ± SEM. *p < 0.05 versus Ad-GFP-injected mice

infused with Ang II or Ad-GFP+b5i-injected mice infused with Ang II.
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b5i, and overexpression of ATRAP attenuated b5i and thus
improved Ang II-induced retinopathy. Thus, b5i may be a poten-
tial therapeutic target for treating HR. Further studies are needed
to elucidate the mechanism by which Ang II regulates b5i expres-
sion and to confirm the effect of b5i on retinopathy in other
models.

MATERIALS AND METHODS
Animals and Experimental Protocols

We purchased wild-type (WT) mice and b5i-KO mice with
C57BL/6 backgrounds from Jackson Laboratory (Sacramento,
CA, USA) and bred them in the animal facility of Dalian Medical
University (Dalian, China). All animals required 1 week of acclima-
tization prior to infusion. To establish a mouse model of retinop-
athy, we infused male WT and b5i-KO mice 10–12 weeks old with
saline or Ang II (Sigma-Aldrich, St. Louis, MO, USA) at a dosage
of 3,000 ng/kg/min using ALZET 1004 micro-osmotic pumps
(DURECT, Cupertino, CA, USA) for 1–4 weeks, and then we
examined histological changes and inflammatory cytokines in the
retina. We found that retinal thickness and the expression of inter-
leukin-1b and -6 (IL-1b, IL-6) were increased at weeks 1 and 2,
peaked at week 3, and then slightly decreased at week 4, but there
was no difference in retinal thickness or cytokine expression be-
tween weeks 3 and 4 (Figures S1A and S1B). Therefore, we infused
the mice with Ang II for 3 weeks following experiments as
described previously.17 On the last day of Ang II or saline infusion,
we anesthetized all mice with an intraperitoneally (i.p.) injected
pentobarbital overdose (100 mg/kg; Sigma-Aldrich). We removed
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Figure 6. Overexpression of ATRAP Reversed b5i-Enhanced Signaling Pathways and HR after Ang II Infusion

(A) Immunoblotting analysis of b5i, ATRAP, p65, p-p65, TGF-b, ERK1/2, p-ERK1/2, Akt, and p-Akt protein expression in the retinas (left) and quantification of each protein

(right; n = 4 per group). GAPDH as an internal control. Data are presented asmean ± SEM. *p < 0.05 versus Ad-GFP-injectedmice infused with Ang II or Ad-b5i-injected mice

infused with Ang II. (B) A working model for regulation of retinopathy by b5i. After Ang II stimulation, increased b5i expression and activity promoted ATRAP degradation,

which causes activation of NF-kB-p65, TGF-b/Smad2/3, Akt, and ERK1/2 signaling pathways, thereby leading to HR.
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the eyes and prepared them for further histological and molecular
analysis. All animal experimentations were approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of Dalian
Medical University and conformed to the Guide for the Care and
Use of Laboratory Animals as adopted by the NIH (No. 85–23; Be-
thesda, MD, USA).33
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BP Recordings

We measured SBP with a BP-98A tail cuff system (Softron,
Tokyo, Japan) as described previously.34 In brief, we fastened
the tail cuff with pulse transducer onto the tail bases of mice that
had been placed in a plastic restrainer. A single investigator then re-
corded measurements in a session from 1:00 to 5:00 p.m. every 3 days.
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During each session, 10 measurements were taken, and the average
was used to determine the BP of each mouse.

Intravitreous Injections of Recombinant Adenoviral Vectors

We obtained recombinant adenoviruses expressing GFP (Ad-GFP),
b5i (Ad-b5i), and ATRAP (Ad-ATRAP) from Hanbio (Shanghai,
China). In brief, before anesthesia, mouse eyes were dilated with one
compound-tropicamide eye drop (Mydrin-P; Santen Pharmaceutical,
Osaka, Japan). After the pupil dilated, under a dissecting microscope,
we performed intravitreal (IVT) injections using a 5-mL Hamilton mi-
crosyringe (NanoFil;World Precision Instruments, Sarasota, FL, USA)
connected to a 33G needle (NF33BL-2; World Precision Instruments)
as described previously.35,36 Because the eye volume in mice is approx-
imately 5 mL, we injected approximately 2 mL of Ad-GFP, Ad-b5i, and
Ad-ATRAP at a dose of 1.2� 1012 PFUs/mL into the IVT space of the
right eye after pupillary dilation, and we repeated the injection (2 mL)
in the same eye at day 3 after the first one.36 After the injection, we
applied one drop each of proparacaine 0.5% (Alcaine; Alcon, Fort
Worth, TX, USA), tobramycin, and TobraDex dexamethasone
ophthalmic ointment (Alcon) to the injected eye to minimize pain,
risk for infection, and inflammation, respectively, in accordance with
IACUC policy. We observed no significant intraocular hemorrhage,
lens trauma, pressure damage, or other complications in the mice.
We then evaluated the expression of Ad-GFP, Ad-b5i, andAd-ATRAP
at 3 days after the second injection (Figures S3A and S6A).

Fluorescence Angiography

We anesthetized the mice by i.p. injection of 2.5% tribromoethanol
(0.020 mL/g; Sigma-Aldrich, Dorset, UK). The mice’s body tempera-
ture was monitored at 37.0�C ± 0.5�C. Each pupil was dilated with
one compound-tropicamide eye drop, and ophthalmic gel (hypro-
mellose 2.5% ophthalmic-demulcent solution; Gonak; Akorn, Lake
Forest, IL, USA) was applied to the eye. We then injected the mice
with fluorescein sodium (13 mL/kg in saline; Alcon, TX, USA) via
the tail vein. Afterward, we captured images of the retinal vessels us-
ing a retinal-imaging system (OPTO-RIS; Optoprobe Science, Bur-
naby, BC, Canada) every 30 s for 5 min. Arteries were identified by
their pulsatile activity and branch anatomy. We chose a recognizable
anatomical point, two optic-disc diameter from the optic disc, for
each mouse to calculate an arteriovenous ratio. Measurements were
compared using ImageJ software (Rasband; NIH).37

Electroretinography (ERG)

Mice were permitted to adapt to the dark over a period of 24 h
and then anesthetized by i.p. injection of sumianxin (10%;
0.02 mL/mouse) and pentobarbital sodium (1%; 0.03 mL/kg). We de-
sensitized the corneas of the anesthetized animals with one drop of
Novesine (Novartis Ophthalmics, Basel, Switzerland) and dilated
their pupils with one drop of 1% tropicamide. The animals were
then placed onto a heated platform (37�C). A gold-wire electrode
was placed on the corneal surface of the right eye and referenced to
a gold wire in the mandible. A needle electrode in the right forelimb
served as the ground. We occluded the left eye (not stimulated) with a
dark patch for ERG recordings.
We performed the ERG procedure using an OPTO-III visual electro-
physiology instrument (Optoprobe) as described previously.38 Each
mouse was placed into a photopic-stimulator chamber, where it
was exposed to flashes of blue light once every 5–7 s. The a-wave
amplitude was measured from baseline to the a-wave trough, and
the b-wave amplitude was measured from the a-wave trough to the
b-wave peak. OPs were measured via OP modeling. The maximum
mixing reaction amplification factor of the stimulus light parameters
was 4K (low frequency, 75 Hz; high frequency, 300 Hz; flash bright-
ness, white light 600 cd,m�2; flash stimulus, 5 ms; flash intensity,
3.0 cd,s,m�2; and stimulus interval, 15 s). The OPs were separated
from the raw ERG through 75- to 300-Hz high-pass band filtering.
We measured all OP amplitudes, added them together, and averaged
multiple-flash responses. The data represent the sum of OPs
(OP1–OP4).

IF Staining

The eyes were fixed in 4% paraformaldehyde for 4 h at 4�C, cryopre-
served overnight at 4�C in a 30% (w/v) sucrose solution, and
embedded in optimal cutting temperature (OCT) medium (Leica,
Wetzlar, Germany). We permeabilized the frozen sections (6 mm
thick) of the eyes with 0.3% Triton X-100 in PBS for 30 min at
room temperature (RT), blocked them with 3% BSA/PBS, and then
incubated them at 4�C overnight with anti-b5i, AT1R (1:100; Abcam,
Cambridge, MA, USA), or ATRAP (1:500 dilution; Santa Cruz, CA,
USA). We then incubated the sections with secondary antibody and
Alexa Fluor 594/488 (1:200) at a 1:200 dilution for 1 h and DAPI
(1:10,000; Sigma, St. Louis, MO, USA) for 5 min at RT.39 For mea-
surement of reaction oxygen species (ROS) levels, we incubated the
freshly frozen eye sections in a light-protected humidified chamber
at RT with DHE (1 mM in PBS) for 30 min as described previously.40

For intensity quantitation, we randomly selected four sections at least
60 mm apart from each eye. In each section, we captured four non-
overlapping fields at �200 magnification using an Olympus micro-
scope (Olympus, Tokyo, Japan) after background correction. Each
microscope image collection used an identical fluorescence level.
We used ImageJ software to set a threshold for immunolabeling,
which we applied to all fields.

Histopathological Analysis

We anesthetized the animals with an overdose of pentobarbital so-
dium. The eye samples were quickly removed, fixed in 4% parafor-
maldehyde, embedded in paraffin, and sectioned at 5 mm. Sections
were stained with H&E via the standard method. For retinal thickness
measurements, we randomly selected four sections at least 60 mm
apart from each eye (n = 10 per group). Central retinal thickness
was measured at 500 mm off the optic-nerve head (ONH). For IHC,
we incubated the sections with antibody against ionized calcium-
binding adaptor molecule 1 (Iba1; 1:500; Wako, Osaka, Japan) at
4�C overnight. We used a horseradish peroxidase (HRP)-based Vec-
tastain ABC kit (Vector Labs) with a 3,30 diaminobenzidine (DAB)
substrate to detect primary antibody. Nuclei were counterstained
with hematoxylin.40 For microglion counts, we randomly selected
four sections at least 60 mm apart from each eye (n = 6 eye per group).
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In each section, we captured four non-overlapping fields at �400
magnification using the Olympus microscope after background
correction. In each image region, we counted cells from the GCL to
the INL using ImageJ software.

Quantitative Real-Time PCR Analysis

We extracted total RNA from the retinas using TRIzol Reagent (Invi-
trogen, Carlsbad, CA, USA) per the manufacturer’s protocol. First-
strand cDNA was synthesized from 1–2 mg total RNA by oligo
(dT)-primed RT (iScript cDNA synthesis kit; Bio-Rad Laboratories,
Hercules, CA, USA). We analyzed mRNA levels of b1, b2, b5, b1i,
b2i, b5i, IL-1b, IL-6, nicotinamide adenine dinucleotide phosphate-
oxidase 1 (NOX1), NOX4, ph22phox, and ATRAP by quantitative
real-time PCR with an ABI 7500 Fast Real-Time PCR System
(Applied Biosystems [Thermo Fisher Scientific, Waltham, MA,
USA]). The relative levels of those genes were expressed as a ratio
to that of internal control glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). Primers are shown in Table S1.

Western Blot Analysis

We extracted total proteins from the retinas using radioimmunopre-
cipitation assay (RIPA) lysis buffer (Beyotime Institute of Biotech-
nology, Shanghai, China) with 1% proteinase inhibitor (PMSF;
Beyotime). Equal amounts of total proteins (30–40 mg) were
resolved by SDS-PAGE and transferred onto polyvinylidene fluoride
(PVDF) membranes, which were then incubated with ATRAP (1:500
dilution; Santa Cruz, CA, USA), AT1R, b1i, b2i, b5i (1:1,000 dilution;
Abcam, Cambridge, MA, USA), and protein kinase B (Akt), p-Akt,
ERK1/2, p-ERK1/2, TGF-b, Smad2/3, phosphorylated Smad2/3
(p-Smad2/3), Smad3, and GAPDH (Cell Signaling Technology
[CST], Beverly, MA, USA) at 4�C overnight. We developed all blots
using a FluorChem M System (ProteinSimple, CA, USA) and
analyzed signal intensities with a Gel-Pro 4.5 Analyzer (Media Cyber-
netics, Rockville, MD, USA). Total band intensities were first normal-
ized to GAPDH, and the ratio between phosphorylated protein and
total protein was used to determine the level of signaling.

Measurement of Proteasome Activity

In brief, we purified retina proteins in 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid (HEPES) buffer (50 mM, pH 7.5) containing
20 mmol/L KCl, 5 mmol/L MgCl2, and 1 mmol/L dithiothreitol
(DTT). We added a total of 20 mg retinal proteins or 50 mL serum
from each mouse or patient to 100 mL HEPES buffer containing the
fluorogenic substrates, including Z-LLE-AMC (5 mmol/L), Ac-RLR-
AMC (40 mmol/L), and Suc-LLVY-AMC (8 mmol/L; all from Prom-
ega, Fitchburg, WI, USA), and incubated the mixture at 37�C for 1 h
per manufacturer’s protocol. Then we measured the fluorescence in-
tensity of each reaction using a 2030 Multilabel Microplate Reader
(PerkinElmer, Waltham, MA, USA) with excitation at 380 nm and
emission at 460 nm as described previously.32

Patients and Sample Processing

This part of the study was conducted in the Department of Cardi-
ology, First Affiliated Hospital of Dalian Medical University
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between January and September 2017. All participants underwent
a complete ophthalmic examination, including slit lamp microscopy
and fundus examination/photography. We obtained patients’ socio-
demographic characteristics, drug therapy, anthropometric parame-
ters, BP, and other relevant clinical examination data. HR patients
were diagnosed according to the Keith-Wagener-Baker (KWB) as
described previously.41 Patients were not included if they had a his-
tory of intra-ocular surgery or ocular trauma; presence of a refrac-
tive power of >6.0 diopters (D) or axial length of >26.5 mm in high
myopia, glaucoma, or other retinal disease; any ophthalmological
diseases leading to poor fundus photographic-image quality; use
of any eye drops within 3 months; or other systemic diseases
(e.g., secondary hypertension, type II diabetes, sickle cell anemia,
heart diseases, immune diseases, or tumor-related diseases with
high chymotrypsin activity). Control subjects were defined as
age- and sex-matched individuals without a history of ocular disease
or any obvious abnormalities in physical or ophthalmologic
examinations.

Table 1 shows the baseline characteristics of all participants (age
40–70 years). HR patients had only primary hypertension without
other comorbidities. We collected serum samples from HR patients
(n = 30) and age- and gender-matched normotensive healthy subjects
(n = 31), and then used them to examine b5i levels or chymotrypsin-
like activity with an ELISA kit (Cloud-Clone, Katy, TX, USA) per
manufacturer’s instructions. Human eyes were obtained within 3 h
of death from six male donors (age 40–70 years) who died in road
traffic accidents (three subjects with HR + three age-matched subjects
without a history of ocular disease, other systemic diseases, eye injury,
or fixation artifacts). A portion of each eye sample was excised, imme-
diately fixed in 4% paraformaldehyde, and sectioned at 6 mm for im-
munostaining with anti-b5i antibody IF stain. The images were
collected at the same location in the central retinas around 1.5 mm
off the ONH. Written informed consent was obtained from each pa-
tient and control. This investigation was performed with approval by
the Institutional Ethics Committee of First Affiliated Hospital of Da-
lian Medical University (No. LCKY2016-31). All experiments were
performed in accordance with the principles outlined in the Declara-
tion of Helsinki.

Statistical Analyses

We used SPSS software version 19.0 (SPSS, Chicago, IL, USA) to
perform statistical calculations. Quantitative results are expressed as
the mean ± SEM. We compared parameters using one-way
ANOVA or an independent t test. p < 0.05 was considered to indicate
a statistically significant difference.
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Supplemental data 

 

1. Figures  

 

Figure S1. Ang II induces central retinal thickness and proinflammatory 

cytokine expression at different time points. (A) Male WT and β5i KO mice at 

10–12-week-old were infused with saline or Ang II at a dose of 3000 ng/kg/minute 

using ALZET 1004 micro-osmotic pumps for 1-4 weeks. H&E staining of central 

retinal sections (left) and quantification of retinal thickness (right; n = 5 per group). 

Scale bar: 50 μm. (B) PCR analysis of IL-6 and IL-1β messenger ribonucleic acid 

(mRNA) levels in the retinas (n = 4 per group). (C) Immunoblotting analysis of β5i 

protein levels in the retinas (n = 4 per group). Data are presented as mean ± SEM. 

*P < 0.05, **P < 0.01 versus saline control. 



 

Figure S2. Effect of β5i knockout on average blood pressure and 

chymotrypsin-like activity. (A) WT and β5i KO mice were infused with Ang II at a 

dose of 3000 ng/kg/minute or saline for 3 weeks. Measurement of average systolic 

blood pressure (SBP) in each group before (C) and after saline or Ang II treatment (T) 

period. C1: day 1 before saline or Ang II treatment, T1: day 1 after saline or Ang II 

treatment etc (n=10 per group). (B) The chymotrypsin-like activity of retinas in each 

group after saline or Ang II treatment (n=6 per group). (C) A representative ERG 

waveform (left) and OPs (right) wave from original data. (D) Quantification of b-wave 

timing (n = 6 per group). (E). Quantification of b-wave amplitude (n = 6 per group). 

Results are the mean ± SEM. **P < 0.01 versus WT mice with saline or Ang II 

infusion.  



 

Figure 3. Effect of β5i overexpression on systolic blood pressure in mice. (A) 

WT mice were locally injected with Ad-β5i or Ad-GFP at a dose of 1.2×1012 pfu/ml 

and then infused with Ang II (3000 ng/kg/minute) for 3 weeks. Evaluation of GFP 

fluorescence and immunostaining of β5i expression were performed 3 days after 

second injection. Nuclei were counterstained with DAPI (blue). Scale bar, 50 μm. (B) 

Average systolic blood pressure (SBP) in Ad-GFP-injected mice and Ad-β5i-injected 

mice before (C) and after saline or Ang II treatment (T) period. C1: day 1 before 

saline or Ang II treatment, T1: day 1 after saline or Ang II treatment etc (n=9 per 

group). Data are the mean ± SEM. 



 

Figure 4. Expression patterns of AT1R, ATRAP and β5i in the retinal sections. 

(A) Immunostaining of the expression of endogenous AT1R and ATRAP proteins in 

the central retinal sections with antibody against anti-AT1R and anti-ATRAP. Scale 

bar: 50 μm. (B) PCR analysis of ATRAP mRNA levels in the retinas from WT and β5i 

KO mice after saline or Ang II infusion (n=4 per group). (C) Immunoprecipitation (IP) 



was performed in retinal lysates with IgG control or anti-β5i antibody, and analyzed 

by western blot (WB) with antibody to detect endogenous ATRAP or β5i. (D) 

Immunostaining of the expression of endogenous β5i and ATRAP proteins in the 

central retinal sections with antibody against anti-β5i and anti-ATRAP. Scale bar: 50 

μm. *P < 0.05, **P < 0.01, vs. saline control mice. 

 

Figure S5. Quantification of corresponding protein bands. (A) Quantification of 

β5i, AT1R, ATRAP, p-p65, p65, TGF-β, Smad2/3, p-Smad2/3, ERK1/2, p-ERK1/2, 

Akt and p-Akt protein levels in the retinas from WT and β5i KO mice infused with 



saline or Ang II (3000 ng/kg/minute) or saline for 3 weeks (n = 4 per group). (B) 

Quantification of β5i, AT1R, ATRAP, p-p65, p65, TGF-β, Smad3, p-Smad2/3, 

ERK1/2, p-ERK1/2, Akt, and p-Akt protein levels in the retinas from WT mice locally 

injected with Ad-β5i or Ad-GFP infused with saline or Ang II (3000 ng/kg/minute) or 

saline for 3 weeks (n = 4 per group). Data are presented as the mean ± SEM. *P < 

0.05, **P < 0.01, ***P < 0.001 vs. saline control or Ang II-infused WT or 

ad-GFP-injected WT mice. 

 

 

Figure S6. Effect of β5i and ATRAP overexpression on systolic blood pressure 

in mice. (A) WT mice were locally injected with Ad-GFP, Ad-β5i, or Ad-ATRAP at a 

dose of 1.2×1012 pfu/ml and then infused with Ang II (3000 ng/kg/minute) for 3 weeks. 

Evaluation of GFP fluorescence and immunostaining of ATRAP expression were 

performed 3 days after second injection. Nuclei were counterstained with DAPI 



(blue). Scale bar, 50 μm. (B) Average systolic blood pressure (SBP) in WT mice 

injected with Ad-GFP, Ad-GFP+β5i, Ad-GFP+ATRAP and Ad-β5i+ATRAP before (C) 

and after saline or Ang II treatment (T) period. C1: day 1 before saline or Ang II 

treatment, T1: day 1 after saline or Ang II treatment etc (n=10 per group). Data are 

the mean ± SEM.  

 

Supplemental Methods 

Table S1. Sequence of the primers used in the quantitative real-time PCR assay 

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) 

β1i CTGGAGCTACACGGGTTGGA ATATACCTGTCCCCCCTCACATT 

β2i CAGCCGTCTGCCCTTTACTG AGAGCCCAGGTCACTCAGGAT 

β5i CTTGGCACCATGTCTGGTTGT CCGGTACTGCAGCATCATGT 

β1 CCAATCGAGTGACTGACAAGCT GGACTAGTGGAGGCTCGTTCA 

β2 AGGCCAGATATGGAGGAGGAA GGGCACTGAGAATGGACGAA 

β5 TGCTCGCTAACATGGTGTATCAGTA AGCCAGAGCCCACTGAGAAG 

NOX1 CAGTTATTCATATCATTGCACACCTATTT CAGAAGCGAGAGATCCATCCA 

NOX4 GCACGCTGTTGATTTTTATGG GCGAGGCAGGAGAGTCAGTA 

ph22phox CTCCTCTTCACCCTCACTCG GTGGACTCCCATTGAGCCTA 

IL-1β CTTCCCCAGGGCATGTTAAG ACCCTGAGCGACCTGTCTTG 

IL-6 TTCCATCCAGTTGCCTTCTTG TTGGGAGTGGTATCCTCTGTGA 

ATRAP CGTTGGAACTGGCGCAAC ACCAGGAGAATAACCTGAGCG 

GAPDH GTGTTTCCTCGTCCCGTAGA AATCTCCACTTTGCCACTGC 
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