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Long-term inhibition
of UCHL1 decreases
hypertension and
retinopathy in spontaneously
hypertensive rats
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Abstract

Objective: To investigate the role of the deubiquitinase ubiquitin C-terminal hydrolase L1

(UCHL1) in hypertension and retinopathy in the spontaneously hypertensive rat (SHR).

Methods: Wistar–Kyoto (WKY) rats and SHRs were administered the UCHL1 inhibitor

LDN57444 (20 lg/kg/day) for 4 months. Pathological changes were detected with hematoxylin

and eosin, immunofluorescence, and dihydroethidium staining. The mRNA and protein expres-

sion of UCHL1 were examined by real-time PCR and immunoblotting analysis.

Results: At 6 months of age, SHRs showed significantly increased mRNA and protein levels of

UCHL1 in the retina compared with WKY rats. Moreover, SHRs exhibited significantly increased

central retinal thickness, inflammation, and reactive oxygen species production compared with

WKY rats, and these effects were markedly attenuated by systemic administration of the UCHL1

inhibitor LDN57444. The beneficial effects of LDN57444 were possibly associated with reduced

blood pressure and the inactivation of several signaling pathways.

Conclusion: UCHL1 is involved in hypertension and retinopathy in SHRs, suggesting that

UCHL1 may be used as a potential therapeutic target for treating hypertensive retinopathy.
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Introduction

Hypertension affects the retina, causing
pathological remodeling (increased micro-
vascular injury, fibrosis, and protein syn-
thesis) and frequently leading to
hypertensive retinopathy.1 Although the
management of hypertension can prevent
the progression of retinopathy, there is cur-
rently no effective treatment for hyperten-
sive retinopathy. In addition to
hypertension, other factors play an impor-
tant role in the development of
hypertensive retinopathy. Extensive evi-
dence indicates that inflammation, oxida-
tive stress, and multiple signaling
pathways [phosphoinositide 3-kinase/pro-
tein kinase B (AKT)/IjB kinase (IKK)b/
nuclear factor-kappa B (NF-jB)] are criti-
cal to the pathogenesis of hypertensive ret-
inopathy.2–4 Therefore, a strategy targeting
these factors may provide significant clini-
cal benefits for the treatment of this
condition.

The ubiquitin–proteasome system (UPS)
is a key protein degradation pathway in
eukaryotic cells. It is involved in the regu-
lation of cell proliferation, signal transduc-
tion, inflammation, and various
physiological processes.5 Ubiquitin C-ter-
minal hydrolase L1 (UCHL1; also known
as PGP9.5) is a deubiquitinating enzyme
that specifically removes polyubiquitinated
ubiquitin from target proteins to reduce
their degradation, thereby regulating pro-
tein homeostasis. UCHL1 has been
reported to be associated with hypertension
and cardiovascular disease. For example, it

is present in atherosclerotic lesions from
human carotid arteries and is considerably
increased in the neointima of the balloon-
injured carotid artery. Additionally, it par-
ticipates in vascular remodeling via its reg-
ulation of inflammatory responses.6

UCHL1 is also markedly upregulated in
agonist-stimulated cardiomyocytes and
hypertrophic and failing hearts, with
UCHL1 knockdown significantly amelio-
rating cardiac hypertrophy and dysfunc-
tion. Cardiac hypertrophy and remodeling
induced by transverse aortic constriction
can be reversed by the UCHL1 inhibitor

LDN57444 in wild-type mice.7

Furthermore, LDN57444 strongly attenu-
ates angiotensin II-induced hypertension,
left atrial dilatation, fibrosis,
inflammatory cell infiltration, and reactive
oxygen species (ROS) production.8

LDN57444 also improves cardiac hypertro-
phy and dysfunction in spontaneously
hypertensive rats (SHRs).9 These experi-
ments suggest that UCHL1 mediates
target organ damage in hypertension.
However, its role in hypertensive retinopa-
thy remains unclear.

In this study, we used SHRs as an animal
model for hypertensive retinopathy.
According to our previous observations,
6-month-old SHRs show hypertensive reti-
nal changes, such as edema and arterial cal-
iber alterations.10 The UCHL1 inhibitor
LDN57444 was applied to SHRs to investi-
gate the effects and underlying molecular
mechanism of UCHL1 in hypertensive
retinopathy.
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Materials and methods

Animal experiments

Twenty-eight Wistar–Kyoto (WKY) rats

and 28 SHRs (male, weighing 200–220 g)

were purchased from Vitalriver Co., Ltd.

(Beijing, China). All rats were maintained

in an environment with a constant temper-

ature (23� 2�C) under a 12-hour light/dark

cycle with free access to food and water. We

measured the mRNA and protein levels of

UCHL1 in the retina of WKY rats and

SHRs at 1 month of age (n¼ 6 per group).

The same experiment was performed at 2

months of age (n¼ 6 per group). For the

6-month experiments, the remaining WKY

rats and SHRs at 2 months of age underwent

blood pressure evaluation (baseline) and

were then randomly divided into four

groups: WKYþvehicle, WKYþLDN57444,

SHRþvehicle, and SHRþLDN57444 (n¼ 8

per group). The selective UCHL1 inhibitor

LDN57444 (Selleck, Houston, TX, USA)

was dissolved in corn oil for administration

(20lg/kg/day, intraperitoneal) to 2-month-

old rats; this treatment was administered

daily for an additional 4 months. Control

rats received daily injections of corn oil with-

out the inhibitor as a vehicle control. When

the animals were 6 months old, they were

anesthetized by pentobarbital overdose

(100 mg/kg, intraperitoneal), and the eyes

were removed and prepared for further

experiments.
All experiments were approved by the

Animal Care and Use Committee of

Dalian Medical University (AEE1-2016-

045) and conformed to the National

Institutes of Health Guide for the Care

and Use of Laboratory Animals and the

ARRIVE guidelines.

Blood pressure measurements

Blood pressure and heart rate measure-

ments were taken each week from 1

month of age until the end of the experi-

ment at 6 months of age using the noninva-

sive tail-cuff method (BP-2010A; Softron,
Tokyo, Japan) on a preheated plate at

37�C to dilate the tail artery as previously

described.11 The average of at least 5 suc-

cessive measurements for each rat was

taken as the individual blood pressure and

heart rate values.

Histological analysis

The eyes used for pathological examination

were fixed in 4% paraformaldehyde over-

night, embedded in paraffin, and sectioned

at 5 mm. The sections were stained with

hematoxylin and eosin (H&E) and immu-
nohistochemically stained with an anti-

UCHL1 antibody (Santa Cruz

Biotechnology, Dallas, TX, USA). To

determine the ROS level in the retina,

frozen sections (5 lm thick) were stained

with dihydroethidium (DHE; Sigma-
Aldrich, St. Louis, MO, USA) for 30

minutes at 37�C as previously described.2

To detect endothelial cell proliferation in

the retina, the frozen sections were also per-

meabilized with Dylight 594 Labeled

Griffonia Simplicifolia Lectin I (GSL I) iso-
lectin B4 (Vector Laboratories Inc.,

Burlingame, CA, USA) at 4�C for 12

hours and incubated with 40,6-diamidino-

2-phenylindole (DAPI; Sigma-Aldrich) for

5 minutes at room temperature. We ran-

domly selected four sections at least 60 lm
apart from each eye. Images were acquired
with a BX53 microscope (Olympus, Tokyo,

Japan), and the fluorescence intensities

were quantified with ImageJ (National

Institutes of Health, Bethesda, MD, USA).

RNA isolation and quantitative real-time

PCR (qPCR) analysis

Retinal tissues were detached from the eyes
under a stereoscope at 4�C. Total RNA was

extracted from retinas with TRIzol reagent
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(Takara Bio, Kusatsu, Japan). cDNA was
obtained using a GoScriptTM reverse tran-
scription kit (Promega, Southampton, UK)
in accordance with the manufacturer’s
instructions. qPCR was performed on a
7500 Fast Real-Time PCR System
(Applied Biosystems, Carlsbad, CA, USA)
using a SYBR Green Master Mix (Takara
Bio) as previously described.2

Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was used as an internal
control. Interleukin (IL)-1b, IL-6, tumor
necrosis factor (TNF)-a, nicotinamide ade-
nine dinucleotide phosphate (NADPH) oxi-
dase 1 (NOX1), NOX2, and NOX4 primers
were obtained from Sangon Biotech
(Shanghai, China). The primer sequences
are shown in Table 1.

Western blotting analysis

Total protein was extracted from retinal tis-
sues using radioimmunoprecipitation assay
buffer containing phenylmethanesulfonyl
fluoride as a phosphatase inhibitor
(Beyotime Biotechnology, Shanghai,
China). Protein concentrations were deter-
mined using the Abbkine Protein
Quantification Kit (Thermo Fisher
Scientific, Carlsbad, CA, USA). Equal
amounts of extracted proteins (40lg) were
separated by sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis and

transferred to polyvinylidene fluoride mem-
branes (Millipore, Billerica, MA, USA).
The membranes were blocked with 5%
bovine serum albumin (Sigma-Aldrich) for
60 minutes at room temperature and then
incubated overnight at 4�C with anti-
phospho-AKT (9271S), anti-AKT (9272S),
anti-phospho- NF-jB-p65 (3033S), anti-
NF-jB-p65 (4764S), anti-phospho-IKKa/b
(2697S), anti-IKKa (2682S), anti-IKKa
(2678S), anti-hypoxia-inducible factor
1-alpha (HIF-1a, 14179) (all from Cell
Signaling Technology, Danvers, MA,
USA), vascular endothelial growth factor
(VEGF, JH121) (Invitrogen, Carlsbad, CA,
USA), anti-NOX1 (ab131088), or anti-
NOX2 (ab129068) antibodies (Abcam,
Cambridge, MA, USA). All protein levels
were normalized to those of GAPDH.
Images were captured and quantified using
ImageJ (National Institutes of Health).

NOX activity

Samples were centrifuged at 8000 �g for 20
minutes, and the protein concentration was
determined by the Bradford assay. The
resulting particulate fraction was used to
measure NOX activity. NOX activity in
the retina was determined by luciferin
(5lM) enhanced chemiluminescence, and
the results were normalized for protein
content.

Table 1. Primers for quantitative real-time PCR analysis

Gene Forward Primer (50-30) Reverse Primer (50-30)

UCHL1 CGGCCCAGCATGAAAACTTC TTATTGGCCACTGCGTGGAT

IL-1b CTCTGTGACTCGTGGGATGATG CCACTTGTTGGCTTATGTTCTGTC

IL-6 TCTGCTCTGGTCTTCTGGAG TTGCTCTGAATGACTCTGGC

TNF-a TGATCGGTCCCAACAAGGA TGCTTGGTGGTTTGCTACGA

NOX1 GCTCCTAAGAGGCTCCAGAC TGGGTGCATGACAACCTTGG

NOX2 CTGCCAGTGTGTCGGAATCT AATGGCCGTGTGAAGTGCTA

NOX4 TGGCCAACGAAGGGGTTAAA CACTGAGAAGTTCAGGGCGT

GAPDH AGTGCCAGCCTCGTCTCATA GATGGTGATGGGTTTCCCGT

UCHL1, ubiquitin C-terminal hydrolase L1; IL, interleukin; TNF, tumor necrosis factor; NOX, NADPH oxidase; GAPDH,

glycerol-3-phosphate dehydrogenase.
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Statistical analysis

All data are expressed as means� standard
error of mean (SEM). Parameters were com-

pared using the unpaired Student’s t-test or
ANOVA. Data that did not meet the above

conditions were analyzed using a nonpara-
metric Mann–Whitney U test. P values less
than 0.05 were considered statistically signif-

icant. All statistical analyses were performed
using IBM SPSS Statistics for Windows,

Version 22 (IBM Corp., Armonk, NY,
USA).

Results

UCHL1 expression is increased in the
retina of SHRs

To investigate the critical role of UCHL1 in
the regulation of retinopathy in SHRs, we

first measured the level of UCHL1 in the
retina of SHRs at different months. The ret-
inal mRNA and protein levels of UCHL1

were similar at 1 month of age. However,
they were significantly higher in SHRs com-

pared with WKY rats at 2 and 6 months of
age (P< 0.05) (Figure 1a–d). Similarly,
immunostaining indicated that the UCHL1-

positive area of the retina was larger in SHRs
compared with WKY rats at 6 months of age

(P< 0.05) (Figure 1e). These results suggest
that increased UCHL1 levels in the retina

may play an important role in hypertensive
retinopathy in SHRs.

Inhibition of UCHL1 expression
attenuates hypertension and retinal

morphology in SHRs

Previous studies have shown that SHRs
exhibit mild hypertension at 2 months of

age but no significant damage to target
organs, including the heart, kidneys, vessels,

and retina. Subsequently, their blood pres-
sure continues to increase, with clear
damage to target organs at 6 months of

age.11,12 To determine whether the inhibition
of UCHL1 expression influences blood pres-
sure and retinal morphology in SHRs, we
administered the UCHL1 inhibitor
LDN54777 (20lg/kg/day) to SHRs and
WKY rats at 2 months of age and continued
treatment for 4 months (Figure 2a).
LDN57444-treated SHRs showed significant-
ly reduced systolic blood pressure, although
the inhibitor did not normalize the hyperten-
sion to the level observed in WKY rats
(P< 0.05) (Figure 2b). Moreover, the retinas
of SHRs may develop hemorrhage, edema,
hard exudates, and cotton-wool spots due
to hypoxia and capillary permeability inten-
sification.10 H&E staining showed that the
ganglion cell layer was loose and swollen.
The thickness of the central retina (at two
optic-disc diameters from the optic disc), par-
ticularly the inner plexiform, inner nuclear,
and photoreceptor layers, was markedly
increased in SHRs. These elevations were sig-
nificantly reduced in LDN57444-treated
SHRs (P< 0.05) (Figure 2c). However, the
peripheral retinal morphology and thickness
in the 4 groups were similar (Figure 2d).
Next, we used immunohistochemical staining
to assess the inflammatory response in reti-
nas. The accumulation of ionized calcium-
binding adaptor molecule 1-positive
microglia/macrophages was observed in
vehicle-treated SHRs; this accumulation was
significantly attenuated in LDN57444-treated
SHRs (P< 0.05) (Figure 2e). There were no
significant differences in systolic blood pres-
sure or retinal morphological changes in
WKY rats between inhibitor- and vehicle-
treated groups. These results suggest that
LDN57444 treatment attenuates hyperten-
sion and hypertensive retinopathy in SHRs.

UCHL1 inhibition reduces retinal
oxidative stress, vascular permeability,
and inflammation in SHRs

Oxidative stress, vascular permeability, and
inflammation play critical roles in
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promoting the occurrence and development
of hypertensive retinopathy. Therefore, we
examined the effect of UCHL1 inhibition
on superoxide production and NOX activa-
tion in the retina of SHRs. LDN54777
treatment markedly reduced superoxide
production and NOX activity compared
with vehicle-treated SHRs, and these differ-
ences were mainly observed above the inner
nuclear layer (P< 0.05) (Figure 3a and 3b).
Moreover, isolectin B4/DAPI staining
revealed that endothelial cell proliferation

in inner retinas was significantly reduced
in LDN57444-treated SHRs (P< 0.05)
(Figure 3c). We then evaluated the contri-
bution of UCHL1 to retinal inflammatory
responses. qPCR analysis indicated that the
mRNA expression levels of proinflamma-
tory cytokines (IL-1b, IL-6, and TNF-a)
were also significantly reduced in
LDN54777-treated SHRs compared with
vehicle-treated SHRs (P< 0.05)
(Figure 3d). We next analyzed the mRNA
expression level of NOX isoforms by qPCR

Figure 1. UCHL1 expression in the retina of WKY rats and SHRs. (a) Immunoblotting analysis of UCHL1
protein in the retina of WKY rats and SHRs at 1 and 2 months of age (upper). Quantification of the relative
protein level (lower; n¼ 3). (b) qPCR analysis of the mRNA level of UCHL1 in the retina of 1- and 2-month-
old WKY rats and SHRs (n¼ 6). (c) Immunoblotting analysis of UCHL1 protein in the retina of 6-month-old
WKY rats and SHRs (upper). Quantification of the relative protein level (lower; n¼ 3). (d) qPCR analysis of
the mRNA level of UCHL1 in the retina of 6-month-old WKY rats and SHRs (n¼ 6). (e)
Immunohistochemical staining of the retina with an anti-UCHL1 antibody (upper). Quantification of the
UCHL1-positive area (lower, n¼ 6). Data are presented as means� SEM, and n represents the number of
samples per group. *P< 0.05 versus WKY rats
UCHL1, ubiquitin C-terminal hydrolase L1; WKY, Wistar–Kyoto; SHRs, spontaneously hypertensive rats;
qPCR, quantitative real-time PCR; M, months; IPL, inner plexiform layer; INL, inner nuclear layer; OPL,
outer plexiform later; ONL, outer nuclear layer; RPE, retinal pigment epithelium; GAPDH, glycerol-3-
phosphate dehydrogenase.
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Figure 2. Pharmacological inhibition of UCHL1 by LDN57444 attenuates hypertension, UCHL1
expression, and retinal thickness. (a) WKY rats and SHRs at 2 months of age were intraperitoneally injected
with the UCHL1 inhibitor LDN57444 (20lg/kg/day) or vehicle (corn oil) for 4 months. (b) Systolic blood
pressure was measured every month using the tail-cuff method (n¼ 8). (c) Representative H&E staining of

Liu et al. 7



Figure 2. Continued
central retinal sections (left) and quantification of central retinal thickness (right, n¼ 6). (d) Representative
H&E staining of peripheral retinal sections (left) and quantification of the retinal thickness (right, n¼ 6). (e)
Representative immunohistochemical staining of Iba1 (arrow) in the retinas (left) and quantification of Iba1-
positive cells (right, n¼ 6). Data are presented as means� SEM, and n represents the number of samples per
group. *P< 0.05 versus WKY rats, #P< 0.05 versus SHRs
UCHL1, ubiquitin C-terminal hydrolase L1; WKY, Wistar–Kyoto; SHRs, spontaneously hypertensive rats;
H&E, hematoxylin and eosin; Iba1, ionized calcium-binding adapter molecule 1; GCL, ganglion cell layer; IPL,
inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform later; ONL, outer nuclear layer; RPE,
retinal pigment epithelium.

Figure 3. LDN57444 administration prevents retinal superoxide production and inflammation. (a) DHE
staining of superoxide production (left). Quantification of the ROS level (right, n¼ 6). (b) Measurement of
NOX activity (n¼ 6). (c) Representative isolectin B4 (red) staining of central retinal sections (left) and
quantification of fluorescence intensity (right, n¼ 6). Nuclei were counterstained with DAPI (blue).
(d) qPCR analysis of the mRNA levels of IL-1b, IL-6, and TNF-a in the retina of WKY rats and SHRs (n¼ 4).
(e) qPCR analysis of the mRNA levels of NOX1, NOX2, and NOX4 in the retina of WKY rats and SHRs
(n¼ 4). Data are presented as means� SEM, and n represents the number of samples per group. *P< 0.05
versus WKY rats, #P< 0.05 versus SHRs
DHE, dihydroethidium; ROS, reactive oxygen species; DAPI, 40,6-diamidino-2-phenylindole; SHRs,
spontaneously hypertensive rats; WKY, Wistar–Kyoto; qPCR, quantitative real-time PCR; IL, interleukin;
TNF, tumor necrosis factor; NOX, NAPDH oxidase; GCL, ganglion cell layer; IPL, inner plexiform layer;
INL, inner nuclear layer; OPL, outer plexiform later; ONL, outer nuclear layer; RPE, retinal pigment
epithelium.
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analysis and found that the retinal expres-
sion levels of NOX1, NOX2, and NOX4
were also significantly lower in
LDN54777-treated SHRs than in vehicle-
treated SHRs (P< 0.05) (Figure 3e).

Administration of LDN57444 attenuates
the activation of AKT/IKK/NF-jB signaling
pathways

Previous research has demonstrated that
the protein levels of inflammatory signaling
mediators (p-AKT, p-IKKa/b, and p-NF-
jB) are critically linked to the development
of hypertensive retinopathy through their
regulation of proinflammatory cytokine
and superoxide production.2 To investigate
the possible mechanism by which UCHL1
inhibition improves hypertensive retinopa-
thy in SHRs, we examined these signaling
pathways. Immunoblotting showed that
treatment of SHRs with LDN54777 signif-
icantly reduced the protein levels of
UCHL1, p-AKT, p-IKKa/b, and p-p65 in
the retina compared with the vehicle
(P< 0.05) (Figure 4a). We next tested the
effects of UCHL1 on retinal oxidative
stress and vascular permeability. The pro-
tein levels of NOX1, NOX2, HIF-1a, and
VEGF were also significantly lower in
LDN54777-treated SHRs than in vehicle-
treated SHRs (P< 0.05) (Figure 4b
and 4c). Taken together, these results sug-
gest that UCHL1 inhibition attenuates acti-
vation of the pathways associated with
hypertensive retinopathy.

Discussion

This study demonstrated the role of
UCHL1 and its inhibitor LDN54777 in reg-
ulating hypertension and retinopathy in
SHRs. Our results showed that the
mRNA and protein levels of UCHL1 in
the retina were significantly increased in
SHRs compared with WKY rats from 2
months of age. Additionally, systolic

blood pressure, central retinal thickness,
vascular permeability, inflammation, and
superoxide production were significantly
increased in the retina of SHRs compared
with WKY rats. In contrast, LDN54777
treatment markedly attenuated these
effects. These beneficial actions were possi-
bly associated with a reduction in blood
pressure and the inactivation of multiple
signaling pathways, including AKT,
IKKa/b, NF-jB, HIF-1a, and VEGF.
Collectively, increased expression of
UCHL1 is an important determinant in
the pathogenesis of hypertensive retinopa-
thy, and its inhibition prevents disease pro-
gression, suggesting that UCHL1 is a
potential therapeutic target for the treat-
ment of hypertensive retinopathy.

Previous reports have suggested that the
UPS plays a critical role in hypertension-
related diseases.5,13 As one of the major
deubiquitinating enzymes, UCHL1 has
multiple biological functions and is associ-
ated with neurodegenerative diseases,
cancer, cardiovascular diseases, and reti-
nopathy.14–16 Previous studies have found
that UCHL1 expression is enhanced in the
pressure overload- and angiotensin II-
treated heart and atrium in C57BL/6J
mice7,17 but decreased in the retina of dia-
betic rats.18 However, the mechanism by
which UCHL1 affects hypertensive retinop-
athy remains unclear. LDN54777 is a
reversible and competitive inhibitor of
UCHL1 hydrolase activity. Selective block-
ade of UCHL1 activity by LDN57444 has
been demonstrated to delay Alzheimer’s
disease progression, impair cancer invasion,
and improve cardiac hypertrophy and dys-
function.7,19,20 In this study, daily
LDN54777 administration to SHRs from
2 to 6 months of age attenuated hyperten-
sion, central retinal thickness, vascular per-
meability, inflammation, and superoxide
production by inhibiting the AKT, IKKa/
b, NF-jB, HIF-1a, and VEGF signaling
pathways (Figures 2–4). Thus, these results
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indicate that UCHL1 provides a potential
therapeutic target for the treatment of
hypertension and hypertensive retinopathy.

Although elevated blood pressure is the
main cause of hypertensive retinopathy, it
cannot fully explain its pathogenesis. Other
important mechanisms of hypertensive

retinopathy include oxidative stress, chronic
inflammation, endothelial dysfunction, and
vascular remodeling induced by hyperten-
sion/angiotensin II.21–23 For example, IL-1b
triggers involution of the choroid, which
leads to severe hypoxia in the outer retina.24

IL-1b also plays a regulatory role in immune

Figure 4. LDN57444 treatment inhibits the activation of proinflammatory signaling pathways in the retina
of SHRs. (a) Immunoblotting analysis of UCHL1, p-AKT, p-IKKa/b, and p-p65 protein levels in the retina of
6-month-old WKY rats and SHRs (left). Quantification of each protein band (right, n¼ 4). (b)
Immunoblotting analysis of NOX1 and NOX2 expression in the retina of 6-month-old WKY rats and SHRs
(left) and quantification of protein bands (right, n¼ 4). (c) Immunoblotting analysis of HIF-1a and VEGF
expression in the retina of 6-month-old WKY rats and SHRs (left) and quantification of protein bands
(right, n¼ 4). GAPDH was used as an internal control. Data are presented as means� SEM, and n
represents the number of samples per group. *P< 0.05 versus WKY rats, #P< 0.05 versus SHRs
UCHL1, ubiquitin C-terminal hydrolase L1; SHRs, spontaneously hypertensive rats; WKY, Wistar–Kyoto;
AKT, protein kinase B; IKK, IjB kinase; p, phosphorylated; NOX, NADPH oxidase; HIF-1a, hypoxia-
inducible factor 1 alpha; VEGF, vascular endothelin growth factor; GAPDH, glycerol-3-phosphate
dehydrogenase.
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activation and inflammatory responses,
together with IL-6 and TNF-a. IL-6 is
involved in angiotensin II-induced activation
of NOX and VEGF overexpression in the
retina.25 TNF-a induces the production of
VEGF, which indirectly stimulates retinal
angiogenesis26 and increases retinal endotheli-
al cell permeability.27 ROS are ubiquitous sig-
naling molecules in biological systems that
play a role in promoting inflammation, endo-
thelial cell proliferation and migration, and
the formation of new blood vessels.28 NOX
enzymes (NOX1, NOX2, and NOX4), as the
main source of ROS in retinal vascular endo-
thelial cells, cause endothelial dysfunction,
which leads to retinal morphological changes
and dysfunction.29,30 Our work revealed
increased levels of proinflammatory cytokines
(IL-1b, IL-6, and TNF-a) and NOX isoforms
(NOX1, NOX2, and NOX4) and enhanced
endothelial cell proliferation in the retina of
SHRs at 6 months of age, which is consistent
with previous findings.2,3 Furthermore, we
found that the levels of these factors were sig-
nificantly lower in LDN54777-treated SHRs
compared with vehicle-treated SHRs (Figures
3 and 4).

Multiple signaling pathways are activat-
ed in hypertensive retinopathy, including
AKT, phosphatase and tensin homolog,
NOX, transforming growth factor-b1/
Smad, and NF-jB.31 UCHL1 regulates
the degradation of several proteins related
to inflammation, oxidative stress, and arte-
riolar remodeling, including p53, IjB-a,
and HIF1a.32–34 Through further explora-
tion of the mechanism underlying UCHL1
action, we found that AKT phosphoryla-
tion and HIF-1a levels were increased in
the retina of SHRs. This change was
reversed in LDN54777-treated SHRs, and
the hypertensive retinal pathological altera-
tions were less prominent than in the
vehicle-treated SHR group. To determine
how LDN54777 inhibits hypertensive reti-
nopathy in SHRs, we further analyzed mul-
tiple signaling pathways. Our study

demonstrated that LDN54777 significantly
blocked the activation of AKT, HIF-1a,
and related signaling mediators (IKKa/b,
NF-jB, and VEGF). As an important
upstream signaling component of inflam-
matory responses in hypertension, NF-jB
activation triggers the expression and secre-
tion of various inflammatory cytokines
involved in every stage of the early
immune response. NF-jB signaling appears
to be a primary regulator of VEGF, IL-6,
and NOX, thereby modulating oxidative
stress and blood vessel function, resulting
in the infiltration of inflammatory factors
into target organs and activation of inflam-
mation.35,36 Therefore, our study provides
novel insights into the regulation of reti-
nopathy by UCHL1 in SHRs.

In conclusion, our study shows for the
first time that UCHL1 expression is signifi-
cantly increased in the retina of SHRs and
provides new evidence for the critical role of
UCHL1 in hypertension and retinopathy.
UCHL1 inhibition not only significantly
reduced hypertension but also ameliorated
the increase in central retinal thickness, vas-
cular permeability, inflammation, and oxi-
dative stress. The possible mechanism is
partially associated with the inhibition of
AKT, IKKa/b, NF-jB, NOX, HIF-1a,
and VEGF signaling pathways. Therefore,
UCHL1 may be a promising therapeutic
target for hypertensive retinopathy. Further
studies are needed to elucidate the effect of
UCHL1 on retinal vessel caliber and the role
of UCHL1 in other animal models and
human hypertensive retinopathy.
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