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H-RN, a novel antiangiogenic peptide derived from hepatocyte
growth factor inhibits inflammation in vitro and in vivo
through PI3K/AKT/IKK/NF-kB signal pathway
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A B S T R A C T

H-RN, a novel antiangiogenic peptide derived from the kringle 1 domain of hepatocyte growth factor

(HGF), consists of the sequence RNPRGEEGGPW (molecular weight: 1254.34 Da). Emerging evidence

indicates that HGF and the kringle domain exhibit anti-inflammatory effects in inflammatory diseases. In

the present study, we assessed the anti-inflammatory effect of H-RN in models of experimental ocular

inflammation, including endotoxin-induced uveitis (EIU) and experimental autoimmune uveitis (EAU).

The results demonstrated that intravitreal treatment of H-RN concentration-dependently suppressed

clinical manifestation, inhibited ocular inflammatory cytokine production and improved histopathologic

scores. Moreover, H-RN attenuated the LPS-induced mRNA and protein expression of tumor necrosis

factor (TNF)-a and interleukin (IL)-6 in RAW 264.7 cells and inhibited cell chemotactic migration toward

LPS. We also demonstrated that H-RN suppressed TNF-a-induced adhesion molecule expression in

HUVECs, including ICAM-1, VCAM-1 and E-selectin, which contributed to its suppressive effect on

adherence of U937 cells to endothelial cells. We also demonstrated the possible anti-inflammation

mechanism of H-RN. Western blot and immunofluorescence staining analyses revealed that H-RN

significantly suppressed LPS-induced phosphorylation of nuclear factor (NF)-kB-p65 at Ser276. Based on

examination of upstream pathways, we found that H-RN inhibited PI3K-p85 and AKTSer473

phosphorylation, which may result in the attenuation of LPS-induced IKK complex activation and

IkB degradation. Thus, our studies suggest that the 11-amino-acid peptide H-RN exhibits anti-

inflammatory effects in vitro and in vivo and may represent a promising candidate for ocular

inflammatory diseases.

� 2014 Elsevier Inc. All rights reserved.
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1. Introduction

Ocular angiogenic diseases, such as age-related macular
degeneration and diabetic retinopathy, as well as inflammatory
diseases, including uveitis, are sight-threatening diseases with
important socioeconomic impacts [1,2]. Angiogenesis and inflam-
mation are closely related in many biologic processes. Neovascu-
larization accompanies inflammatory disease, including
neovascular ocular diseases, rheumatoid arthritis and granuloma-
tous diseases; in such cases, neovascularization may act to sustain
inflammation, as new capillaries facilitate leukocyte entry into
inflammatory lesions [3,4]. However, mediators such as tumor
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necrosis factor (TNF)-a can induce inflammatory responses that
lead to angiogenesis in vitro and in vivo [5,6].

Hepatocyte growth factor (HGF) was found to be a potent
stimulator of new vessel formation and an important angiogenic
factor in vascular retinopathies [7,8]. HGF was also demonstrated
to suppress inflammation by inhibiting multiple pathophysiologi-
cal processes involved in the inflammatory response, such as
targeting inflamed microvascular endothelial cells and diminish-
ing expression of several adhesion molecules [9]. The kringle
domain, including HGF kringle 1 (HGF K1), was reported to exhibit
antiangiogenic, antitumor and anti-inflammatory effects [10–14].

Previously, we identified a novel peptide, H-RN, derived from
the HGF K1, and demonstrated its antiangiogenic activity in vitro
and in vivo and its stability in aqueous solutions [15,16]. H-RN is
composed of the 11 amino acid sequence RNPRGEEGGPW
(molecular weight: 1254.34 Da); its structure is presented in
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Fig. 1. The peptide derived from the NK2 fragment of human HGF (Protein Data

Bank accssion no. 3HN4). The sequence of peptide H-RN was demonstrated in sticks

mode in magenta, and the other part of the NK2 fragment of human HGF was

represented in catoon form in wheat, shown with the PyMOL Molecular Graphic

system (Delano Scientific).
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Fig. 1. Due to the importance of inflammation in the process of
neovascularization, we investigated anti-inflammatory effect of H-
RN in cells and in experimental intraocular inflammation models.
Because of the advantages of peptides, our study may lead to the
discovery of new biological functions of H-RN and facilitate the
development of potential therapies for ocular inflammatory
diseases, including uveitis.

2. Materials and methods

2.1. Preparation of peptides

The peptide H-RN, a scrambled peptide H-GP (GPERWRGPNGE,
molecular weight 1254.34 Da) as a negative control, fluorescein
isothiocyanate (FITC)-labeled H-RN (FITC-RNPRGEEGGPW, molec-
ular weight 1756.82 Da) and an interphotoreceptor retinoid-
binding protein (IRBP) peptide spanning amino acid residues
1169–1191 (IRBP1169–1191, PTARSVGAADGSSWEGVGVVPDV,
R16) were synthesized and purified via solid-phase peptide
synthesis using an automatic peptide synthesizer (Symphony;
Protein Technologies, Tucson, AZ, USA) by ChinaPeptides Co., Ltd.
(Shanghai, China).

2.2. Animals

Male Wistar rats (6–8 weeks old) procured from the Shanghai
Laboratory Animal Center of the Chinese Academy of Sciences and
female Lewis rats (6–8 weeks old) purchased from Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China) were
maintained in SPF conditions for one week prior to experimenta-
tion. Food and water were provided ad libitum. All animal
experiments were in accordance with the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research.

2.3. Endotoxin-induced uveitis (EIU)

2.3.1. EIU induction and treatment

EIU was induced via a single footpad injection of 100 ml sterile
pyrogen-free saline containing 200 mg lipopolysaccharide (LPS)
from Escherichia coli, o55:B5 (Sigma, St. Louis, MO, USA). The
control group received the same volume of sterilized saline. Wistar
rats from the various groups were intravitreally injected into both
eyes with PBS, H-RN (1, 5 or 10 mg/ml) or H-GP (10 mg/ml) diluted
in PBS immediately after LPS injection. Alternatively, dexametha-
sone (DXM) sodium phosphate at 10 mg/ml (Shanghai General
Motors Pharmaceutical Industry Company Limited, China) was
injected as a positive control.
2.3.2. Clinical scoring

The EIU rats were examined using a biomicroscope 24 h after
LPS injection. Clinical signs of EIU were graded from 0 to 4 in a
blinded fashion according to a previously reported scoring system
[17].

2.3.3. Number of infiltrating cells and protein concentration in the

aqueous humor (AqH) from EIU rats

Twenty-four hours after LPS injection, the AqH was collected
from the eyes immediately via an anterior chamber puncture using
a 30-gauge needle. For cell counting, the AqH samples were
suspended in Trypan-blue solution (1:5) and placed on a
hemocytometer. The number of cells per field was manually
counted under a light microscope (Olympus, Japan), and the
number of cells per microliter was obtained by averaging the
results of four fields from each sample. The total protein
concentration in AqH was measured using a bicinchoninic acid
(BCA) protein assay reagent kit (Pierce, Rockford, USA).

2.3.4. Concentrations of TNF-a and interleukin (IL)-6 in the AqH from

EIU rats

The AqH from both eyes of each Wistar rat was centrifuged at
2500 rpm for 20 min at 4 8C. The levels of TNF-a and IL-6 in the
AqH from EIU rats were determined using rat TNF-a and IL-6 ELISA
kits (R&D Systems, Minneapolis, MN, USA), respectively, according
to the manufacturer’s instructions.

2.3.5. Histopathological examination

The eyeballs from the EIU rats (24 h after LPS injection) were
enucleated and stored in a mixture of 10% formalin (Sinopharm
Chemcal Reagent Co., Ltd., Shanghai, China) and 2.5% glutaralde-
hyde (Sinopharm) for 24 h. For histopathological examination,
tissue sections were deparaffinized using xylene (Sinopharm) and
stained using hematoxylin and eosin (H&E; Sinopharm). Infiltrat-
ing leukocytes in the anterior chamber and vitreous cavity were
counted, and the severity of inflammation was scored in a masked
fashion as reported by Cousins [18].

2.4. Experimental autoimmune uveitis (EAU)

2.4.1. EAU induction and treatment

EAU was induced via an injection of 30 mg R16 peptide
emulsified in complete Freund’s adjuvant (CFA; Sigma) containing
2.5 mg/ml killed Mycobacterium tuberculosis H37Ra (Difco,
Detroit, MI, USA) into the left hind footpad of each Lewis rat. On
days 6, 9 and 12, the Lewis rats were injected with PBS, H-RN, H-GP
or DXM (all 10 mg/ml) into both eyes.

2.4.2. Clinical scoring

For the EAU rats, each day after immunization, clinical signs
were monitored and scored in a masked fashion using a grading
scale from 0 to 4 as previously described by Agarwal and Caspi [19].

2.4.3. Levels of interferon (IFN)-g and IL-6 in EAU rats

On day 14, after collection of the AqH, the iris ciliary body (ICB)-
retina complex was isolated and placed in 100 ml lysis buffer (Merek,
Darmstadt, Germany) supplemented with protease inhibitors
(Roche, Mannheim, Germany) and then sonicated. The lysate was
centrifuged at 15,000 rpm for 10 min at 4 8C. The protein levels of IL-
6 and IFN-g were determined using ELISA kits (R&D).

2.4.4. Histopathological evaluation

All of the eyeballs from EAU rats (day 16 after immunization)
were collected. Histopathologic scores of EAU were blindly
determined using a scale from 0 to 4 according to the criteria of
Agarwal and Caspi [19].
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2.5. Cell culture

RAW264.7 murine macrophage cells, purchased from the Cell
Bank of the Chinese Academic of Sciences (CBCAS, Shanghai,
China), were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen-Gibco, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum (FBS; ScienCell, San Diego, CA, USA)
and antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin).
Human umbilical vein endothelial cells (HUVECs, ScienCell) were
maintained in endothelial cell culture media (ECM; ScienCell).
U937 human monocyte-like cells were cultured in RPMI-1640
(Invitrogen-Gibco) supplemented with 10% FBS. The cells were
maintained at 37 8C in an atmosphere containing 5% CO2.

2.6. Cell viability assay

The cell viabilities of RAW264.7 cells and HUVECs were
assessed using the Cell Titer 96 AQueous One Solution Cell
Proliferation (MTS) assay kit (Promega, Madison, WI, USA). In a 96-
well plate, 5 � 104/ml cells were seeded and serum-starved for
24 h, followed by treatment with various concentrations (50 to
500 mM) of peptides for another 24 h. The cells in the control group
were untreated. Then, 20 ml of MTS reagent was added to each
well, and the cells were incubated for another 3 h at 37 8C. The
absorbance at 490 nm was measured using a microplate reader
(Model 680, Bio-Rad, Hercules, CA, USA). The results are expressed
as the percentage of the viability rate, calculated as (optical density
of peptide treated sample/control sample) � 100%.

2.7. Levels of TNF-a and IL-6 in LPS-stimulated RAW264.7 cells

RAW264.7 cells were cultured in 24-well plates and starved in
serum-free DMEM for 24 h. Then, the cells were treated with H-RN
at various concentrations (50, 100 or 200 mM), H-GP (200 mM) or
DXM (50 mM) for 30 min preceding the addition of LPS (100 ng/
ml). The expression of TNF-a and IL-6 in the culture medium 24 h
after LPS stimulation was assessed using ELISA kits (R&D).

The mRNA levels of TNF-a and IL-6 were assessed via RT-PCR
analysis 6 h after LPS stimulation. Total RNA was extracted using
Trizol reagent (Invitrogen) according to the manufacturer’s
instructions. Fluorescence quantitative RT-PCR was performed
using a Rotor-Gene 3000 thermocycler (Corbett Research,
Australia) with Realtime PCR Master Mix (TOYOBO Biotech, Japan)
according to the protocol. b-Actin was chosen as the housekeeping
gene. The specific sense and antisense primers used were: TNF-a,
sense: 50-CTGTAGCCCACGTCGTAGC-30, anti-sense: 50-TTGAGATC-
CATGCCGTTG-30; IL-6, sense: 50-GACAACTTTGGCATTGTGG-30,
anti-sense: 50-ATGCAGGGATGATGTTCTG-30; b-actin, sense: 50-
TGTGATGGTGGGAATGGGTCAG-30; anti-sense: 50-TTTGATGT-
CACGCACGATTTCC-30.

2.8. Monocytic cell-endothelial cell adhesion assay

HUVECs (1.0 � 105 cells/well) were cultured in ECM containing
10% FBS in a 24-well plate. Once reaching 90% confluence, the cells
were starved in serum-free ECM for 12 h and then treated with H-
RN, H-GP or DXM for 18 h, followed by 6 h stimulation with TNF-a
(10 ng/ml; PeproTech, USA). U937 cells were labeled with 10 mM
CM-H2DCFDA (Invitrogen) in RPMI 1640 medium containing 10%
FBS for 30 min. After three washes with PBS, the CM-H2DCFDA-
labeled U937 cells were gently added to the HUVEC wells, and the
cells were co-incubated at 37 8C for 60 min. The non-adherent
U937 cells were then gently washed away using PBS containing 1%
FBS and the HUVECs were fixed using 4% paraformaldehyde in PBS
for 10 min, followed by a 20 min incubation at room temperature
in rhodamine phalloidin (Molecular Probes, Eugene, Oregon, USA).
Random fields were imaged under a confocal laser scanning
microscope (Zeiss LSM510; Carl Zeiss, Germany). The numbers of
adherent U937 cells were counted in a masked fashion and
expressed as the number of adherent cells per field.

2.9. Levels of P-selectin, E-selectin, ICAM-1 and VCAM-1 in TNF-a-

stimulated HUVECs

HUVECs were cultured in 24-well plates and starved in serum-
free DMEM for 24 h. Then, the cells were treated with H-RN at
various concentrations (50, 100 or 200 mM), H-GP (200 mM) or
DXM (50 mM) for 18 h followed by stimulation with TNF-a (10 ng/
ml) for 6 h. The levels of P-selectin, E-selectin, ICAM-1 and VCAM-1
in the culture medium were assessed using a human adhesion
molecule multiplex kit (R&D).

2.10. Transwell chemotaxis assay

Raw264.7 cells (3 � 105) pretreated for 30 min with H-RN
(200 mM), H-GP (200 mM) or DXM (50 mM) were suspended in
300 ml of serum-free DMEM and overlaid onto transwell 8 mm
pore filters in a 24-well plate format (Millipore, Bedford, MA, USA).
The lower chambers contained serum-free DMEM with LPS
(100 ng/ml). The control group was untreated. After incubation
for 24 h, the cells were fixed and stained, and the non-migrating
cells were removed from the upper surface using a cotton swab.
The numbers of cells that passed through the filters were counted
using a light microscope (Olympus).

2.11. Detection of FITC-labeled H-RN in RAW264.7 cells

RAW264.7 cells were cultured in glass-bottom dishes and
starved in serum-free DMEM for 24 h. Then, the cells were treated
with 200 mM FITC-labeled H-RN for 30 min, followed by stimula-
tion with LPS (100 ng/ml). At 0.5 h, 6 h, 12 h or 24 h, the cells were
fixed using 4% paraformaldehyde in PBS for 10 min and viewed
under a confocal laser scanning microscope (Zeiss LSM510; Carl
Zeiss).

2.12. Immunofluorescence staining of NF-kB p65 in RAW264.7 cells

Cells were seeded on cover slips to 70% confluence, pre-treated
for 30 min with 200 mM H-RN and subsequently co-incubated
with or without 100 ng/ml LPS. The cells were washed with PBS,
fixed using 3.7% paraformaldehyde (Sigma) and permeabilized
using 0.1% Triton X-100 (Promega) for 10 min. The slides were
separately incubated overnight at 4 8C in a humidified chamber in
antibodies against NF-kB p65 (Cell Signaling Technology, Beverly,
MA, USA) or pp65Ser276 (Santa Cruz Biotechnology, CA, USA),
followed the next day by a 1-h incubation at room temperature in
the secondary antibody. The sections were stained using Hoechst
33342 (Invitrogen) for 5 min and then visualized and photo-
graphed under a confocal laser scanning microscope (Zeiss
LSM510; Carl Zeiss). The number of translocated nuclei in six
random fields were counted in a masked fashion and expressed as
a percentage of the number of translocated cells relative to the
total cells. The experiments were performed in triplicate and
repeated at least three times.

2.13. Western blot

After treatment with various concentrations of H-RN (50, 100 or
200 mM) or H-GP (200 mM) in the presence or absence of LPS
(100 ng/ml), whole cell extracts and nuclear extracts were
prepared on ice. The protein concentrations were measured using
the BCA assay (Pierce). The whole cell lysates and nuclear extracts
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were separated via 10% SDS-PAGE and transferred to PVDF
membranes. The membranes were blocked using 5% bovine serum
albumin (BSA) and then incubated overnight 4 8C in primary
antibodies against IkBa (ABCAM, Cambridge, UK), PI3K-p85,
phospho-p85Tyr458, Akt, phospho-AktSer473, phospho-IKKa/b, NF-
kB-p65, PCNA (all from Cell Signaling Technology), IKKb,
phosphor-p65Ser276 or tubulin (all from Santa Cruz Biotechnology).
Each membrane was then incubated in horseradish peroxidase
(HRP)-conjugated secondary antibodies (Santa Cruz Biotechnolo-
gy) for 1 h. The bands were visualized using the ECL detection
system (Pierce), and the band density was determined using
ImageJ software (National Institutes of Health (NIH), USA).

2.14. Statistical analysis

The data are expressed as the means � SD of at least three
independent experiments. The differences between mean values of
multiple groups were analyzed via one-way ANOVA with Bonferroni
post hoc analysis, and the Mann–Whitney U-test was used for non-
parametric data analysis. A p-value <0.05 was considered to be
Fig. 2. Anti-inflammatory effects of H-RN in EIU rats. Wistar rats were treated intravitrea

immediately after LPS induction. Clinical manifestations were evaluated under a biomicro

H-GP and DXM on protein concentration (C), infiltrating cell numbers (D), levels of TNF

sectioned and stained with H&E 24 h after LPS stimulation. Inflammatory cell infiltration

((G), lower panel), original magnification �100. The severity of inflammation was score

p < 0.01 compared to the control group; ** p < 0.01 compared to the PBS-treated group. N
statistically significant. All computations were performed using
SPSS17.0 (Chicago, IL, USA) software.

3. Results

3.1. Anti-inflammatory effects of H-RN in EIU rats

3.1.1. H-RN suppressed the clinical score, the protein concentration

and the number of cells in the AqH of EIU rats

Twenty-four hours after LPS injection, severe inflammation was
detected in the anterior chamber, and the clinical score for the EIU
rats treated with PBS was 3.40 � 0.52. H-RN treatment reduced the
inflammation and improved the clinical score in a dose-dependent
manner. After intravitreal injection of 10 mg/ml H-RN, none of the
eyes were scored as 4, and the clinical score was significantly reduced
to 1.70 � 0.68. This effect was comparable to the positive control
group, which received DXM treatment (Fig. 2A and B). H-RN
administration also decreased the protein concentration in a dose-
dependent manner (Fig. 2C). Likewise, the number of inflammatory
cells in the AqH was significantly decreased in the groups treated with
lly with PBS, H-GP (10 mg/ml), H-RN (1, 5, 10 mg/ml) or DXM (10 mg/ml) in both eyes

scope (A) and scored in a blinded fashion (B) 24 h after LPS injection. Effects of H-RN,

-a (E) and IL-6 (F) in AqH of EIU rats were assessed. EIU rats’ eyeballs were fixed,

 was evaluated in the ICB region ((G), upper panel) and posterior vitreous and retina

d in a masked fashion (H). Data are expressed as mean � SD (n = 10 per group). ##

.D., Not detected.



Fig. 3. Anti-inflammatory effects of H-RN in EAU rats. Lewis rats were immunized by injection of 30 mg R16 peptide emulsified in complete Freund’s adjuvant containing

2.5 mg/ml killed Mycobacterium tuberculosis into the left hind footpads. On day 6, 9 and 12, Lewis rats were intravitreally treated with PBS, H-RN, H-GP or DXM (all 10 mg/ml)

in both eyes. Each day after immunization, clinical signs were monitored (A) and scored in a masked fashion ((B), note the black arrows: H-RN injection). On day 14, IFN-g
levels in the AqH (C) and ICB-retina complex (D) as well as IL-6 level in the ICB-retina complex (E) were assessed. On day 16, histopathologic sections were evaluated. (F)

Representative histopathology of EAU rats, original magnification, �200. (a) The retina of a normal rat; ((b) and (c)) PBS-treated; ((d) and (e)) H-GP-treated; ((f) and (g)) H-RN-

treated; (h) DXM-treated. (H) Histopathologic scores were assigned blindly. Data are expressed as mean � SD (n = 8 per group). ## p < 0.01 compared to the control group; **

p < 0.01 compared to the PBS-treated group. N.D., Not detected.
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H-RN or DXM (Fig. 2D). However, intravitreal injection of H-GP had no
therapeutic effect on EIU ocular inflammation.

3.1.2. H-RN decreased TNF-a and IL-6 expression in the AqH from EIU

rats

The TNF-a and IL-6 levels were remarkable 24 h after LPS
stimulation (TNF-a: 373.6 � 63.46 pg/ml; IL-6: 2513 � 651.97 pg/
ml). Treatment with 5 mg/ml H-RN significantly reduced the secretion
of TNF-a and IL-6, and a stronger effect was exhibited when the rats
were treated with 10 mg/ml H-RN or DXM. Meanwhile, no effect was
detected in the EIU rats treated with 10 mg/ml H-GP (Fig. 2E and F).

3.1.3. Histopathological changes in EIU rats

Histological evaluation revealed severe cellular infiltration in
the anterior chamber, the ICB and the posterior vitreous cavity 24 h
after LPS injection. No inflammation was detected histopathologi-
cally in the control group. The number of inflammatory cells in the
ICB and the posterior vitreous was significantly decreased in the H-
RN- and DXM-treated eyes. However, treatment with H-GP did not
induce any decrease in inflammation (Fig. 2G and H).
3.2. Anti-inflammatory effects of H-RN in EAU rats

3.2.1. H-RN suppressed the clinical score of EAU rats

The therapeutic effect of H-RN on EAU in the anterior segment
was assessed via clinical scoring. Lewis rats immunized with R16
exhibited ocular inflammation beginning on day 7 and peaking
around day 13. The rats treated with 10 mg/ml H-RN and DXM
exhibited a significant reduction in clinical scores beginning on day
11, while those treated with H-GP exhibited no anti-inflammatory
effect. However, approximately 30% of the eyes treated with DXM
developed a moderate to severe cataract approximately two weeks
after immunization, while the H-RN- and H-GP-treated rats
exhibited less frequent and milder manifestation (Fig. 3A and B).

3.2.2. H-RN inhibited the production of IL-6 and IFN-g in EAU rats

Significantly lower levels of IFN-g in both the AqH and the ICB-
retina complex and IL-6 in the ICB-retina complex were detected in
the H-RN and DXM groups compared to the PBS and H-GP groups
(Fig. 3C–E). The level of IL-6 in the AqH from EAU rats was too low
to generate meaningful statistical analyses.



Fig. 4. Effects of H-RN on LPS-stimulated TNF-a and IL-6 production and chemotaxis of RAW 264.7 cells. The MTS assay suggested that cell viability of RAW264.7 cells (A) and

HUVECs (B) did not show any variation after incubation with H-RN or H-GP at various concentrations (up to 500 mM) for 24 h. RAW 264.7 cells were treated with (50, 100,

200 mM), H-GP (200 mM) or DXM (50 mM) for 30 min before 24 h-combined incubation with LPS (100 ng/ml). The protein expression of TNF-a and IL-6 were assessed by

ELISA ((C) and (D)) while mRNA levels were quantified by real-time PCR and normalized to b-actin mRNA level ((E) and (F)). The chemotaxis of RAW 264.7 cells toward LPS

were assessed with a transwell filter (G). Quantification of chemotactic migrating is presented by the migrated cells per field counted (H). All samples were analyzed in

duplicate and repeated at least three times. Data are expressed as mean � SD. ## p < 0.01 compared to the control group; * p < 0.05, and ** p < 0.01 compared to the LPS group.
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3.2.3. Histopathological evaluation of the EAU rats

Severe inflammatory cell infiltration and photoreceptor destruc-
tion was detected in the rats treated with PBS (Fig. 3F(b and c)) and
H-GP (Fig. 3F(d and e)), with scores of 3.0 � 0.8 and 2.9 � 0.7,
respectively. A significant improvement was found in both H-RN-
(1.65 � 0.7, Fig. 3F(f and g)) and DXM-treated (1.1 � 0.6, Fig. 3F(h)) rats,
exhibiting mild to moderate cell infiltration and retina destruction.

3.3. H-RN and H-GP are non-toxic to RAW264.7 cells and HUVECs

The viability of RAW264.7 cells and HUVECs did not display any
variation after incubation in H-RN at various concentrations (50,
100, 200 or 500 mM) or H-GP (100, 200 or 500 mM) for 24 h based
on the MTS cytotoxicity assay (Fig. 4A and B).

3.4. H-RN suppressed the LPS-induced expression of TNF-a and IL-6 in

RAW264.7 cells

TNF-a and IL-6 are known to be important inflammatory
cytokines associated with LPS stimulation [20]. After co-treatment
with various doses of H-RN (50, 100 or 200 mM) and LPS (100 ng/
ml) for 24 h, suppression of the LPS-induced expression of TNF-a
and IL-6 was detected in a dose-dependent manner at both the
protein (Fig. 4C and D) and the transcriptional level (Fig. 4E and F).

3.5. H-RN attenuated the chemotaxis of RAW264.7 cells toward LPS

As shown in Fig. 4G and H, the number of RAW 264.7 cells
chemotactic migrating toward LPS was reduced by pretreatment
with 200 mM H-RN, although its inhibitory effect was not as strong
as that of 50 mM DXM. In contrast, the cells pretreated with H-GP did
not display a significant difference compared to LPS treatment alone.

3.6. H-RN inhibited the adhesion of U937 cells to TNF-a-stimulated

HUVECs

The effect of H-RN on the adhesion of U937 cells to TNF-a-
activated endothelial cells, a critical step in vascular inflammation,
was also investigated. As shown in Fig. 5A and B, non-stimulated
HUVECs displayed minimal binding to U937 cells, while stimulation



Fig. 5. Effects of H-RN on TNF-a-stimulated monocyte-endothelial cell adhesion and expression of adhesion molecules in HUVECs. (A) HUVECs were incubated with H-RN (50,

100, 200 mM), H-GP (200 mM) or DXM (200 mM) for 18 h, followed by 6 h stimulation with TNF-a (10 ng/ml). U937 cells labeled with CM-H2DCFDA (green fluorescence)

were seed onto HUVECs and co-cultured for 60 min. After removing the non-adherent cells, adherent cells were fixed and stained with rhodamine phalloidin (red

fluorescence). Random fields were imaged under a confocal laser scanning microscopy, original magnification �200. (B) Quantification of monocyte adhesion is presented by

the number of adhered U937 cells per field counted. Effects of H-RN on levels of ICAM-1 (C), VCAM-1 (D), E-selectin (E) and P-selectin (F) in TNF-a-stimulated HUVECs were

determined with a human adhesion molecule multiplex kit. Data are expressed as mean � SD of results from three independent experiments, each performed in duplicate. ##

p < 0.01 compared to the control group; * p < 0.05, and ** p < 0.01 compared to the TNF-a group. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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of HUVECs with TNF-a for 6 h resulted in significant an increase in
adherent U937 cells. Meanwhile, the adhesion of U937 cells to TNF-
a-stimulated HUVECs was significantly attenuated by 200 mM H-
RN, while a stronger inhibitory effect was detected upon pretreat-
ment with 50 mM DXM. H-GP did not display any effect on the
adhesion of U937 cells to HUVECs (Fig. 5A and B).

3.7. H-RN inhibited the TNF-a-stimulated expression of P-selectin, E-

selectin, ICAM-1 and VCAM-1 in HUVECs

TNF-a is recognized as a major risk factor that promotes
endothelial dysfunction by enhancing the expression of adhesion
molecules on endothelial cells during the inflammation process
[21]. We investigated the effect of H-RN on TNF-a-stimulated
adhesion molecule expression using a human adhesion molecule
multiplex kit. The results revealed that the levels of adhesion
molecules were very low in non-stimulated HUVECs but were
significantly increased by TNF-a stimulation. Treatment with
50 mM DXM significantly suppressed TNF-a-induced adhesion
molecule expression. TNF-a-induced ICAM-1, VCAM-1 and E-
selectin expression was inhibited by H-RN in a dose-concentration
manner at concentrations ranging from 50 to 200 mM, while no
suppression of P-selectin expression was detected. Pretreatment
with 200 mM H-GP displayed no apparent reduction in TNF-a-
induced adhesion molecule expression (Fig. 5C–F).

3.8. Determination of the localization of H-RN in RAW264.7 cells

We investigated the localization of H-RN in RAW264.7 cells by
viewing FITC-labeled H-RN via confocal microscopy. After stimula-
tion with LPS for 0.5 h, the FITC-labeled H-RN began to touch and
enter the RAW cells, while at 6 h after LPS stimulation, more FITC-
labeled H-RN was found to be enclosed in phagosome-like structure
predominantly in the cytoplasm of the cells. After 12 h, a similar
phenomenon was observed, but some H-RN had translocated near
the nuclear membrane. After 24 h, we found some FITC inside the
nucleus (Fig. 6A). Thus, we speculated that H-RN enters the cells via
phagocytosis and partially localizes near or in the nucleus.

3.9. H-RN inhibited the activation of NF-kB p65 in LPS-stimulated

RAW264.7 cells

The phosphorylation and translocation of the NF-kB p65
subunit, a marker of NF-kB activation, plays an important role



Fig. 6. (A) Determination of the localization of H-RN in RAW264.7 cells. With stimulation of LPS for 0.5 h, the FITC-labeled H-RN (green fluorescence) started to touch and

began to enter cells. After 6 h, more FITC-labeled H-RN was found to be enclosed in phagosome-like structure predominantly in the cytoplasm of the cells (white arrows).

After 12 h, besides the fluorescence observed in the cytoplasm, some H-RN had translocated near the nuclear membrane (white arrows). After 24 h, some fluorescein was

observed inside the nucleus (white arrows). (B) Effects of H-RN on NF-kB activity in LPS-stimulated RAW264.7 cells. The intracellular locations of NF-kB p65 and pp65 were

assessed by immunofluorescence using secondary antibodies labeled with FITC (green fluorescence, upper panel) or with rhodamine (red fluorescence, lower panel), and the

nuclei were stained with Hoechst 33342 (blue fluorescence). (C) The number of nuclear activated cells in six random fields were counted in a masked fashion and expressed as

a percentage of the number of activated cells in comparison to total cells. (D) Cells were pretreated with H-RN (50, 100, 200 mM) or H-GP (200 mM) for 30 min and then

stimulated with 100 ng/ml LPS for 1 h. Nuclear proteins were analyzed by western blot analysis using antibody against NF-kB p65 or pp65. PCNA was used as the internal

control. The band density was determined by Image J software and the relative level was calculated as the ratio of NF-kB p65 (E) or pp65 (F) to PCNA protein expression. The

results represent means � S.D. Experiments were performed in triplicate and repeated at least three times. ## p < 0.01 compared to the control group; * p < 0.05, and ** p < 0.01

compared to the LPS group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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in regulating the expression of various genes encoding pro-
inflammatory cytokines and adhesion molecules. We found that
pretreatment with 200 mM H-RN exhibited mild to moderate
inhibition of the LPS-activated nuclear translocation of p65 and
significantly attenuated the phospho-p65 level inside the nucleus
(Fig. 6B and C). As shown in Fig. 6D and E, quantitative analysis
revealed a significant increase in the expression of phospho-p65
inside the nucleus in LPS-stimulated RAW264.7 cells, while the
level of phospho-p65 decreased in the H-RN-treated group in a
dose-dependent manner ranging from 50 to 200 mM.

3.10. H-RN inhibited LPS-induced IkBa degradation and activation of

the PI3K-AKT-IKK signaling pathway

After LPS-induced IkBa-degradation, phosphorylation of p65 at
Ser276 is activated in the cytoplasm. This phosphorylation is
thought to break an intramolecular interaction between the C-
terminal region of the protein and the Rel homology domain, thereby
facilitating DNA binding and interaction with the transcriptional co-
activators p300 and cAMP response element-binding (CREB)-
binding protein (CBP). Western blot analysis revealed that H-RN
inhibited LPS-induced IkBa degradation (Fig. 7E). We also explored
the upstream mechanisms of the PI3K-AKT-IKK pathway, a major
regulator of NF-kB. The results revealed that H-RN pretreatment
concentration-dependently suppressed the phosphorylation level of
p85 (Fig. 7B) and AKT (Fig. 7C) in LPS-stimulated RAW 264.7 cells,
which was consistent with its inhibitory effect on the IKKa/b
phosphorylation level (Fig. 7D). These results suggested that H-RN
may inhibit LPS-induced inflammation by influencing the PI3K/AKT/
IKK/NF-kB pathway.

4. Discussion

For ocular inflammatory diseases, including uveitis, traditional
treatments such as corticosteroids and immunosuppressive agents
Fig. 7. Effects of H-RN on PI3K/AKT/IKK signal pathway. (A) RAW 264.7 cells were pretrea

with 100 ng/ml LPS for 1 h. The expression levels of pp85, p85 pAKTSer473, AKT, pIKKa/b
used as the internal control. The band density was determined by Image J software and th

(E) to Turblin expression. The results represent means � S.D. Experiments were performed

the control group; * p < 0.05, and ** p < 0.01 compared to the LPS group.
can cause multiple adverse effects [22–24]. Due to these side-
effects, investigators have attempted to develop new alternatives.
Several existing drugs are being assessed, including anti-VEGF
compounds, such as ranibizumab [25] and bevacizumab [26,27],
and anti-TNF-a antibodies [28,29]. Furthermore, the advent of
biotechnology is stimulating advances in the generation of new
therapeutic molecules, such as high affinity binding peptides or
modified high affinity or bivalent single chain Fab fragments,
offering higher specificity and the possibility of topical delivery
[30]. Compared with proteins, peptides display lower immunoge-
nicity, higher solubility in water, more stable production methods,
improved consistency between batches and superior targeting and
penetration [31].

First, our in vitro and in vivo results suggest that H-RN can
inhibit inflammation, while the scrambled peptide H-GP displayed
no effect, which indicates that the unique sequence of the H-RN
peptide is responsible for its biological function.

The EIU and EAU models are widely accepted animal models to
assess the pharmacological and immunological effects of drugs on
intraocular inflammation. EIU is induced via a single stimulation of
a sublethal dose of LPS in the footpad [32], and it is suitable for the
evaluation of the therapeutic efficacy of drugs for the treatment of
acute human inflammatory ocular diseases [33]. We found that H-
RN significantly ameliorated the severity of protein transudation in
the anterior chamber, infiltration of inflammatory cells into the eye
and production of proinflammatory mediators, such as TNF-a and
IL-6, in EIU rats 24 h after intravitreal injection.

On the other hand, chronic intraocular inflammation is induced
using a prolonged and severe stimulus in EAU rats. We investigated
the clinical and histopathological effects of H-RN administered
every 3 days beginning on day 6 after inoculation, and significant
immunosuppressive effects were found beginning on day 11 and
lasted for at least 7 days. IFN-g, an important cytokine produced by
T helper 1 (Th1) cells, was effectively suppressed by H-RN in both
the AqH and the ICB-retina complex. Moreover, H-RN attenuated
ted with H-RN (50, 100, 200 mM) or H-GP (200 mM) for 30 min and then stimulated

, IKK or IkBa in whole cell extract were assessed by Western blotting. Turblin was

e relative level was calculated as the ratio of pp85 (B), pAKT (C), pIKKa/b (D) or IkBa
 in triplicate and repeated at least three times. # p < 0.05, and ## p < 0.01 compared to
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IL-6 expression, which is also one of the key proinflammatory
cytokines produced in EAU pathogenesis and plays an important
role in Th17 differentiation [34]. However, the effects of different
modes of administration, as well as the anti-inflammatory
mechanisms of H-RN in EIU and EAU models, require further study.

Macrophages play a crucial role in the inflammatory and
immune responses by recognizing and phagocytizing pathogens,
secreting cytokines and chemokines, processing antigens and
repairing tissue damage [35]. LPS can activate macrophages and
initiate inflammatory and immune responses, which induces the
production of inflammatory cytokines, including TNF-a and IL-6,
which are biomarkers of inflammation [36,37]. In our study, we
found that H-RN suppressed LPS-stimulated TNF-a and IL-6
expression at both the protein and mRNA levels in RAW 264.7
cells, and this result was consistent with the anti-inflammatory
effect of H-RN in the LPS-induced EIU model. Moreover, H-RN
inhibited the chemotaxis of RAW264.7 cells toward LPS, which is
another key event in the recruitment of leukocytes during
inflammation.

We also demonstrated that H-RN attenuated TNF-a-induced
adhesion molecule expression in HUVECs, including ICAM-1,
VCAM-1 and E-selectin. These molecules are also essential for
the migration and adhesion of inflammatory cells. This inhibition
contributed to the suppressive effect of H-RN on the adhesion of
U937 cells to endothelial cells. Our finding is in agreement with
previous reports that HGF, the source protein of H-RN, significantly
diminished the adhesion of monocytes to a TNF-activated
endothelial monolayer [38,39].

NF-kB is a ubiquitous transcription factor that is important for
the response to a wide variety of pro-inflammatory stimuli. This
nuclear factor exists in an inactive form, and its activation involves
the rapid phosphorylation of IkB by the IKK complex. The free p65
protein then translocates to the nucleus, binds to target genes and
affects the transcription of pro-inflammatory mediators [40]. We
demonstrated effects of H-RN on the PI3K/Akt pathway and NF-kB
activation, which is responsible for the anti-inflammatory effect of
HGF [41]. The results suggested that H-RN entered the cells via
phagocytosis and inhibited the PI3K p85 subunit and AKT
phosphorylation, which may result in the attenuation of LPS-
induced IKK complex activation and IkB degradation, which leads
to NF-kB activation. As reported, Ser276 is phosphorylated by
protein kinase A (PKA) in the cytoplasm and mitogen- and stress
activated protein kinase (MAK)-1 and MAK-2 in the nucleus [42].
Based on our western blot results, the inhibition of nuclear
phospho-p65 expression by H-RN was especially notable, indicat-
ing that the inhibitory effect of H-RN on p65 phosphorylation may
also occur inside the nucleus. Interestingly, the significant anti-
phosphorylation effect of H-RN at Ser276 of p65 led us to
hypothesize that H-RN possibly mediates the crosstalk between
the ERK and p38 MAPK pathways, as MAPKs also play an important
role in inducing LPS-stimulated cytokine production [43–45].
However, the activation of MAPKs and their interactions with the
NF-kB pathway require future studies.

Although the anti-inflammatory effect of H-RN is not as strong
as that of DXM, its advantages with respect to ocular safety and
simple synthesis make it a potential candidate for therapeutic
intervention for inflammation. When combined with other drugs,
H-RN may offer more alternatives to ocular diseases. For instance,
combined with intraocular pressure-lowering drugs, H-RN may
contribute to the treatment of neovascular glaucoma since it
exhibits both anti-inflammatory and anti-neovascular effects.
Additionally, in patients post corneal transplantation, H-RN may
inhibit ocular inflammation as well as prevent neovascularization
and provide a combination choice with immunosuppressants.
Moreover, H-RN can partially replace the use of glucocorticoids in
chronic uveitis to decrease the potential side-effects.
One of the major limitations of peptides in clinical applications
is their short half-life and the necessity of repeated treatment.
Chemical modification and conjugation would be helpful. It would
also be greatly practicable to develop a drug-release system for
peptides to enhance its localization at the target site and to sustain
the drug concentration. In addition, the inhibitory activity of H-RN
on ocular surface inflammation, such as keratitis and conjunctivi-
tis, using a formulation of eye drops is also under examination.

In conclusion, our results demonstrated that intravitreal
injection of H-RN, an antiangiogenic peptide derived from HGF
K1, can inhibit inflammation in EIU and EAU clinically and
histopathologically. Meanwhile, H-RN suppressed inflammatory
cytokine production, as well as the adhesion and migration of
inflammatory cells, possibly by interfering with the PI3K-AKT-IKK-
IkBa-NF-kB signaling pathway. Considering its advantages with
respect to ocular safety and simple synthesis, H-RN may provide a
promising candidate for ocular anti-inflammation therapy.
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