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Abstract

Aims/hypothesis—Levels of neutrophil elastase, a serine protease secreted by neutrophils, are 

elevated in diabetes. The purpose of this study was to determine whether neutrophil elastase (NE) 

contributes to the diabetes-induced increase in retinal vascular permeability in mice with 

streptozotocin-induced diabetes, and, if so, to investigate the potential role of IL-17 in this process.
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Methods—In vivo, diabetes was induced in neutrophil elastase-deficient (Elane−/−), Il-17a−/− and 

wild-type mice. After 8 months of diabetes, Elane−/− mice and wild-type age-matched control 

mice were injected with FITC-BSA. Fluorescence microscopy was used to assess leakage of 

FITC-BSA from the retinal vasculature into the neural retina. The level of NE in Il-17a−/− diabetic 

retina and sera were determined by ELISA. In vitro, the effect of NE on the permeability and 

viability human retinal endothelial cells and the expression of junction proteins and adhesion 

molecules were studied.

Results—Eight months of diabetes resulted in increased retinal vascular permeability and levels 

of NE in retina and plasma of wild-type animals. All of these abnormalities were significantly 

inhibited in mice lacking the elastase. The diabetes-induced increase in NE was inhibited in mice 

lacking IL-17. In vitro, NE increased retinal endothelial cell permeability, which was partially 

inhibited by a myeloid differentiation primary response 88 (MyD88) inhibitor, NF-κB inhibitor, 

and protease-activated receptor (PAR)2 inhibitor. NE degraded vascular endothelial-cadherin (VE-

cadherin) in a concentration-dependent manner.

Conclusions/interpretation—IL-17 regulates NE expression in diabetes. NE contributes to 

vascular leakage in diabetic retinopathy, partially through activation of MyD88, NF-κB and PAR2 

and degradation of VE-cadherin.

Keywords
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Introduction

Diabetic retinopathy is a major complication of diabetes mellitus and an important cause of 

vision loss among adults of working age [1–4]. Diabetes is known to result in increased 

permeability of the retinal vasculature, which can contribute to retinal oedema and impaired 

vision [5]. Additional evidence has demonstrated that retinal endothelial cells and, 

specifically, the intercellular tight junctions of the retinal endothelial cells, are affected when 

exposed to the hyperglycaemic conditions of diabetes [6, 7]. Among the detrimental 

consequences of exposure to high glucose is the degradation of vascular endothelial cadherin 

(VE-cadherin), a glycoprotein whose absence leads to increased retinal endothelial cell 

permeability [8].

Multiple processes have been postulated to account for the retinal vascular lesions observed 

in diabetic retinopathy; however, the underlying mechanism remains poorly understood. 

Recent evidence indicates that selective deletion of inflammatory proteins only from 

marrow-derived cells significantly inhibit retinal capillary degeneration in diabetes [9], and 

that transgenic expression of neutrophil inhibitory factor (NIF) likewise inhibits the 

diabetes-induced capillary degeneration [10, 11]. This evidence suggests that leucocytes 

play a major role in the development of the early vascular lesions of diabetic retinopathy.

Neutrophil elastase (NE) is a serine protease encoded by the Elane gene (Ensembl-

ENSMUST00000046091.6) and is secreted by neutrophils. In addition to its participation in 

the killing of bacteria and other pathogens, NE has been implicated in diabetes [12] and 
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many inflammatory human diseases, including chronic obstructive pulmonary disease, cystic 

fibrosis, acute lung injury and acute respiratory distress syndrome [13]. In all these 

conditions, neutrophils are activated and secrete active NE that contributes to local 

inflammation and pathology [14–17]. Studies have shown that NE upregulates IL-8 through 

activation of Toll-like receptor 4 (TLR4) [18, 19]. This upregulation involves the signal-

transducing molecules IL-1 receptor-associated kinase (IRAK), myeloid differentiation 

primary response 88 (MyD88) and TNF-receptor-associated factor 6 (TRAF6). The 

activation of this pathway, in turn, induces translocation of NF-κB into the nucleus and 

favours the expression of genes associated with immune and inflammatory responses [19]. 

In addition, NE has also been shown to activate protease-activated receptors (PARs), 

including PAR2 [20]. PAR2 activation induces NF-κB expression in macrophages [21] and 

leads to increased transcription of the gene encoding intercellular adhesion molecule-1 

(ICAM-1, also known as CD54) in endothelial cells [22, 23].

Whether NE contributes to the vascular leakage observed in diabetes is not known. In the 

present study, we investigated the possible role of NE in retinal vascular permeability in the 

early stages of diabetic retinopathy, and a potential mechanism that leads to NE-mediated 

vascular leakage in a mouse model of diabetes.

Research design and methods

Ethics statement

This study was performed in accordance with the National Institutes of Health Guide for the 

Care and Use of Laboratory Animals, the Association for Research in Vision and 

Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision 

Research, and with the authorisation of the Institutional Animal and Care Use Committee 

(IACUC) at Case Western Reserve University.

Experimental animals

Wild-type (WT) male C57BL/6J, NE-deficient (B6.129X1-Elanetm1Sds/J, stock no. 006112) 

male mice and Il-17a-deficient (B6.Cg-Il17ratm2.2Koll/J, stock no. 033431) male animals 

were obtained from the Jackson Laboratory (Ellsworth, ME, USA), with n >6 per group. 

These two strains will be referred to throughout this manuscript as Elane−/− and Il-17a−/−, 

respectively. All animals were housed in ventilated microisolator cages with free access to 

water and food. Cages of mice were randomly assigned to be made diabetic, and diabetes 

was induced at 8–10 weeks of age by intraperitoneal injection of streptozotocin (60 mg/kg 

of body weight) for five consecutive days, as previously described [24]. Mice were assigned 

numbers upon receipt. NPH insulin (0–0.2 U) was given subcutaneously to diabetic animals 

between 0 and 3 times per week to inhibit weight loss, while still allowing hyperglycaemia. 

Blood glucose was determined with a portable glucose meter (Medline, Northfield, IL, 

USA), using blood collected from the tail vein under non-fasting conditions. The onset of 

diabetes was defined as three consecutive measurements of blood glucose >15.3 mmol/l. 

HbA1c was measured every 2–3 months throughout the experiment. In the drug-treatment 

group, mice who had been diabetic for 5 weeks were treated (i.p. injection) daily for an 

additional 3 weeks with the NE inhibitor sivelestat (Abcam, Cambridge, MA, USA) at a 
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dosage of 2.0 mg kg−1 day−1. Experimenters were masked to group assignment and outcome 

assessment. No data was excluded from current study.

Optokinetic assessment of photopic visual function

The spatial frequency threshold, a marker of visual acuity, and contrast sensitivity threshold 

were measured in Elane−/− and WT mice at 10 months of age (8 months’ duration of 

diabetes) with the Virtual Optokinetic system (OptoMotry; CerebralMechanics, Medicine 

Hat, Canada) as described previously [25]. The maximum spatial frequency capable of 

driving head tracking was determined as the spatial frequency threshold. The contrast 

sensitivity was determined at a single point as the inverse of Michelson contrast without 

correction for luminance of the monitors.

Ultrahigh-resolution spectral-domain optical coherence tomography

Ultrahigh-resolution spectral-domain optical coherence tomography (SD-OCT) (Bioptigen, 

Durham, NC, USA) was used for in vivo imaging of mouse retinas. Elane−/− and wild type 

mice at 8 months of diabetes (10 months of age) were anaesthetised by intraperitoneal 

injection of 10 μl/g of diluted ketamine/xylazine (16.5/1.65 mg/ml). Pupils were dilated with 

1% (wt/vol.) tropicamide. Five pictures acquired in the B-scan mode were used to construct 

each final averaged image. The thickness of the retina and outer nuclear layer (ONL) were 

measured at distances of 150, 300 and 450 μm from the optic nerve [26].

Leakage of albumin into neural retina

Accumulation of albumin and blood proteins in the neural retina has been regarded as a 

marker of vascular permeability [25, 27, 28]. At 8 months of diabetes, FITC-BSA (50 μg/μl; 

Sigma-Aldrich; St Louis, MO, USA) in PBS (NaCl, 0.138 mol/l; KCl, 0.0027 mol/l; pH 7.4) 

was injected into the tail vein of mice at 100 μg/g body weight. After 30 min, mice were 

euthanised and eyes were fixed in 10% (wt/vol.) formalin for 6 h, followed by incubation in 

gradient sucrose (up to 20% [wt/vol.], at least 2 h each), then frozen in optimal cutting 

temperature (O.C.T.) compound (Sakura Finetek USA, Torrance, CA, USA). At least four 

non-contiguous retinal cryosections were cut and imaged by fluorescence microscopy. 

Leakage of albumin was estimated using computer-assisted microscopy [25, 28] from 

measurements of FITC-BSA in the inner plexiform layer (IPL), inner nuclear layer (INL) 

and outer plexiform layer (OPL) of the neural retina and visible blood vessels were 

excluded. The permeability of the retinas of the diabetic mice was determined as the ratio of 

FITC-BSA concentration in neural retina relative to that in plasma, and the data were 

normalised to values in the non-diabetic mice.

Immunohistochemistry

Immunofluorescence staining of occludin and zona occludens 1 (ZO-1) was performed as 

described previously [29]. In brief, retina flat mounts were incubated with the primary 

antibodies directed against occludin (Thermo Fisher Scientific; Waltham, MA, USA) and 

ZO-1 (Thermo Fisher Scientific) overnight in 1% (vol./vol.) Triton X-100 PBS buffer at 

1:100 dilution for each antibody. After several washes, Alexa Fluor 488- or 594-conjugated 

anti-mouse or anti-rabbit secondary antibodies (Thermo Fisher Scientific) were applied 
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overnight at 4°C. Flat mounts were mounted with Prolong Gold anti-fade mounting media 

(Thermo Fisher Scientific) and analysed on a Leica TCS SP5 confocal microscope (Leica 

Microsystems, Buffalo Grove, IL, USA) with acousto-optical beam splitter (AOBS).

Human retinal endothelial cell permeability studies

To investigate the effect of NE on retinal endothelial cell permeability, Transwell plates (6.5 

mm insert, 0.4 μm polycarbonate membrane; Corning Costar, Kennebunk, ME, USA) were 

used. Primary human retinal endothelial cells (hRECs) were purchased from Cell Systems 

(Kirkland, WA, USA). Approximately 10,000 hREC cells/cm2 were seeded per insert. Cells 

were grown in the medium for 6 days, and the medium was exchanged every other day. 

When cells were confluent, FITC-BSA (250 μg/ml) was prepared in the culture medium, the 

upper compartment culture medium was replaced by 0.2 ml tracer solution, while the lower 

volume was refreshed with 1 ml culture medium without FITC-BSA. For drug treatment, the 

following reagents were used: human NE (Innovative Research, Novi, MI, USA), sivelestat 

(1 μmol/l; catalogue no. ab142369, Abcam), TLR4 inhibitor ethyl-(6R)-6-[N-(2-chloro-4- 

fluorophenyl) sulfamoyl]cyclohex-1-ene-1-carboxylate (catalogue no. tlrl-cli95; CLI-095 

also known as TAK-242; 3 μmol/l; Invivogen, San Diego, CA, USA), MyD88 inhibitor 

peptide DRQIKIWFQNRRMKWKKRDVLPGT (100 μmol/l; catalogue no. NBP2–29328, 

Novus Biologicals, Centennial, CO, USA), NF-κB inhibitor SN50 (18 μmol/l; catalogue no. 

2506, BioVision, Milpitas, CA, USA), PAR1 inhibitor 3-N-cyclopropyl-7-(4-isopropyl-

benzyl)-7H-pyrrolo[3,2-f]quinazoline-1,3-diamine dihydrochloride (1.2 μmol/l; catalogue 

no. Axon 1275, Axon Medchem, Reston, VA, USA), PAR2 inhibitor N-((S)-3-cyclohexyl-1-

((2S,3S)-1-(2,3-dihydrospiro[indene-1,4’-piperidine]-1’-yl)-3-methyl-1-oxopentan-2-

ylamino)-1-oxopropan-2-yl)isoxazole-5-carboxamide (4 μmol/l; catalogue no. 1622, Axon 

Medchem), PAR4 inhibitor 1-methyl-5-nitro-3-phenyl-1H-indole-2-methanol (12 μmol/l; 

catalogue no. 89159–60-4; Cayman Chemical, Ann Arbor, MI, USA). All reagents were 

added into the medium to the upper chamber as demand. Inserts were taken out after 1, 6 

and 12 h of incubation. FITC fluorescence that had passed through the confluent endothelial 

cells into the lower chamber was measured using a PerkinElmer 2030 MultiLabel 

Fluorescence Reader.

Human NE cytotoxicity to hRECs

hRECs were set up at a density of 100,000 per well in a six well plate with culture medium 

with serum and cultureBoost (Cell Systems, Kirkland, WA, USA). The medium was 

changed every other day for 3 days. When cells reached 90% of confluence, human NE 

(Innovative Research, Novi, MI, USA) was added to the hRECs at concentrations identical 

to those listed above. Medium (which might contain dead cells) was collected after 12 h, and 

plates were washed with 2 ml PBS, pH 7.4. Endothelial cells were then removed from the 

wells by addition of 200 μl of 0.05% (wt/vol.) trypsin for 3 min and were transferred to 15 

ml tubes. Cells then were centrifuged at 200 g for 8 min, and the pellet re-suspended in 300 

μl PBS (pH 7.4). hREC viability was measured by flow cytometry after immunostaining of 

endothelial cells with an antibody against CD144 (BD, San Diego, CA, USA) at a dilution of 

1:50, and immunostaining of dead cells with 7-AAD (BD). A total of 10,000 events were 

counted for each sample. Results were analysed using Flow Jo v7.6 Software (FlowJo, 

Ashland, OR, USA).
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Western blot analysis

hRECs were seeded at a concentration of 0.5 million per 100 mm dish, grown for 4 days, 

and the medium was changed every other day until cells were confluent. Human NE was 

added to reach final concentrations of 2, 20 and 100 nmol/l. The enzyme was incubated with 

the cells for 12 h, and cell homogenates were then subjected to western blot analysis. 

Briefly, extracts of hRECs from different groups were lysed using RIPA buffer and 

sonication. Lysates were collected by centrifugation at 14,000 g for 20 min at 4°C. Protein 

concentration was estimated using a Bradford assay. All samples were mixed with Laemmli 

buffer and boiled for 5 min. Proteins were separated by SDS-PAGE and transferred to 

nitrocellulose membranes for immunoblotting. Antibodies against VE-cadherin (1:1000 

dilution; catalogue no. LS-C191761–100, LifeSpan Seattle, WA, USA), ZO-1 (1:1000 

dilution; catalogue no. 5406, RRID AB_1904187, Cell Signaling Technology, Dallas, TX, 

USA), β-actin (1:1000 dilution; catalogue no. 8457, RRID AB_10950489, Cell Signaling 

Technology), Occludin, (1:1000 dilution; catalogue no. orb11181, RRID AB_10752986, 

Biorbyt, San Francisco, CA, USA), claudin-5 (1:1000 dilution; catalogue no. ABT45, RRID 

AB_11205041, Millipore Sigma, St Louis, MO, USA) and ICAM-1 (1:1000 dilution; 

catalogue no. 10020–1-AP, RRID AB_2121773, Proteintech, Rosemont, IL, USA) were 

used. The membrane was incubated with anti-rabbit IgG, HRP-linked secondary antibody 

(1:1000 dilution; Cell Signaling Technology) in 5% (wt/vol.) non-fat dry milk at room 

temperature for 1 h. The membrane was washed in three washes of TBST, 10 min each. The 

image was acquired using darkroom development techniques for chemiluminescence.

ELISA

The expression of NE in Il-17−/− mouse retina and sera were measured using an ELISA kit 

(R&D Systems, Minneapolis, MN, USA). A total of 5–7 perfused and non-perfused retinas 

were collected, and pooled for analysis. Serum samples were collected after 2 months of 

diabetes by lancet cheek blood draw from ten mice. Separate pooled samples were run in 

triplicate, and each assay was performed at least three times. As indicated in kit instructions, 

samples were prepared at a dilution of 1:1000, and the amount of NE in the test samples was 

determined by absorbance at 450 nm using Molecular Devices SpectraMax M5 Multi-Mode 

Microplate Reader (Boston industries, Walpole, MA, USA), with the amount interpolated 

from a standard curve constructed from standards after correction for sample dilution.

Statistical analysis

Data between groups were analysed by ANOVA followed by Fisher’s least significant 

difference (LSD) post hoc test. When groups were composed of a small number of samples 

(n=3), the analysis was performed using the Mann–Whitney U test (non-parametric test). A 

p value of <0.05 was considered statistically significant. Data are expressed as mean ± SD. 

Results were analyzed using StatView (SAS Institute, Cary, NC, USA).
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Results

Animals

Clinical data on non-diabetic and diabetic mice are provided in Table 1. The severity of 

diabetes was similar between wild-type (WT) and Elane-deficient mice.

Visual function is not impaired in Elane−/− mice

Spatial frequency threshold and contrast sensitivity were measured in WT and Elane−/− 

mice that had been diabetic for 8 months via the optokinetic method. As reported previously, 

in WT animals, diabetes caused a significant decrease in both measures of visual function 

(vs non-diabetic WT controls, both p<0.0001). Neither spatial frequency threshold 

(0.398±0.001, 0.311±0.013, 0.393±0.007 and 0.355±0.01 cycle/degree for non-diabetic and 

diabetic WT and non-diabetic and diabetic Elane−/− mice, respectively), nor contrast 

sensitivity (29.1±3.3, 25.9±3.5, 32.2±2.2 and 22.3±3.1 cycle/degree, respectively) showed 

any significant effect of NE deficiency on visual function (all n=5 per group, data presented 

as mean ± SD).

The diabetes-induced increase in retinal vascular leakage is inhibited in Elane−/− mice

Clinical evidence suggests that increased permeability of the retinal vasculature contributes 

to increased retinal thickness and oedema. We evaluated the permeability of the retinal 

vasculature at 8 months of diabetes by measuring the amount of FITC-BSA fluorescence 

that had leaked out of the circulation into the neural retina. The amount of albumin in the 

neural retina was significantly increased in diabetic WT mice, but this increase was largely 

abolished in the diabetic Elane−/− group (Fig. 1). This inhibition of retinal permeability 

occurred in the IPL (Fig. 1a), INL (Fig. 1b) and OPL (Fig. 1c), each of which contains a 

vascular plexus of the total retinal vasculature. Representative images from each study group 

are shown in Fig. 1d. Neither the thickness of the retina (Figs. 2a, b) nor the ONL (not 

shown) was abnormal in any group.

Effects of human NE on permeability across hRECs

hRECs were cultured in the insert of Transwell plates for 6 days in order to form tight 

junctions throughout the culture dish [30]. Human NE was added to the medium in the 

insert, and incubated for 1, 6 and 12 h, with and without the NE inhibitor sivelestat. Human 

NE significantly increased endothelial cell permeability in vitro, and this leakage gradually 

increased in proportion with the incubation time (Fig. 3a). Sivelestat administration was able 

to completely abolish the effect of NE at 1 h; however, at 6 and 12 h, the inhibitory effect 

was only partial (although still significant) (Fig. 3a). Administration of sivelestat without NE 

did not have any effect on retinal endothelial cell permeability.

Given that inflammation can lead to increased cell permeability [31], and the expression of 

some inflammatory markers is decreased in the absence of NE (T. Kern, unpublished 

observation), we hypothesised that NE might influence endothelial cell permeability through 

interaction with inflammatory molecules such as TLR4, MyD88, NF-κB and/or PARs. To 

test our hypothesis, we determined the increment of permeability in hRECs in the presence 

of specific inhibitors for the aforementioned inflammatory molecules. We found that the NE-
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increase in endothelial cell permeability was significantly suppressed by MyD88, NF-κB or 

PAR2 inhibition, but not by TLR4, PAR1 or PAR4 inhibition (Fig. 3b), suggesting that NE 

increases endothelial cell permeability via activation of multiple pathways.

NE-mediated cytotoxicity to endothelial cells is inhibited by sivelestat in vitro, but not 
through TLR4, MyD88 or PARs

Induction of endothelial cell death might be one contributor to the increase in permeability 

detected in diabetes. Since we have shown in vitro that NE leads to increased endothelial 

cell permeability via activation of TLR4, MyD88 and PARs, we investigated whether NE 

induces endothelial cell death through one or all these pathways. We incubated hRECs with 

human NE (50 nmol/l) for 12 h and found that NE does induce endothelial cell death, and 

this was significantly reduced by the addition of sivelestat (Fig. 4). However, in contrast, the 

NE-induced cytotoxicity in endothelial cells was not inhibited by inhibition of TLR4, 

MyD88 or PARs, suggesting that endothelial cell death caused by NE activity is not 

mediated through any of these pathways (Fig. 4).

NE degrades blood–retinal barrier proteins

VE-cadherin (also known as CD144) and tight junction proteins are closely related to cell 

permeability [8]. To determine the mechanism by which human NE increases retinal 

endothelial cell permeability, we incubated hRECs with NE at different concentrations for 6 

h, and evaluated the effect on expression of VE-cadherin, the tight junction proteins ZO-1, 

occludin and claudin-5, and the adhesion molecule ICAM-1 by immunoblotting (Fig. 

5a).NE decreased VE-cadherin expression at a concentration of 20 nmol/l (Fig. 5b). 

However, NE did not appear to cleave ZO-1 (Fig. 5c), occludin (Fig. 5d) or claudin-5 (Fig. 

5e), indicating that the NE-induced endothelial cell permeability is not due to widespread 

proteolytic damage to tight junction proteins. Although it has been reported that NE alters 

expression of ICAM-1, no such effect was seen in our studies (Fig. 5f).

Further investigation of tight junction proteins was conducted in vivo using diabetic animals. 

Consistent with our in vitro data, the expression of VE-cadherin was decreased significantly 

in retinas of untreated control diabetic mice, and the decrease was significantly inhibited in 

the Elane−/− diabetic mice (Figs. 5g, h). Since a lack of proteolytic cleavage of tight junction 

proteins in western blots of whole retina does not necessarily mean that there was no 

cleavage of those proteins in retinal capillaries, preliminary immunofluorescence studies 

were conducted using retinal whole mounts from non-diabetic and diabetic mice killed at 8 

weeks of diabetes. Half of the diabetic mice were treated daily with sivelestat for the 3 

weeks prior to autopsy (n=2–3 per group) (ESM Fig. 1). The data obtained from these 

retinas suggested that ZO-1 and occludin immunostaining at the junction of vascular 

endothelial cell membranes were decreased in diabetes, and such abnormality was subtle or 

not seen in diabetic mice treated with sivelestat (EMS Figs. 1a, b).

Regulation of NE expression by IL-17

Previous studies on vascular permeability in diabetic retinopathy demonstrated that deletion 

of IL-17 significantly inhibited the diabetes-induced leakage in the retina [32]. To investigate 

the relationship between NE expression and IL-17, we measured (by ELISA) NE expression 
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in mice genetically lacking IL-17 [32]. To exclude confounding effects of circulating 

neutrophils and plasma in the retinal blood vessels on the expression of NE, we studied 

murine eyes before and after perfusion with saline solution. We found that NE levels were 

significantly increased in both non-perfused (Fig. 6a) and perfused retinas (Fig. 6b) of WT 

control diabetic animals, and that expression of NE in serum (Fig. 6c) was also significantly 

increased in diabetes. In contrast, the levels of NE in retina and serum were significantly 

lower in diabetic mice lacking IL-17 compared with the levels in diabetic WT animals. 

Thus, IL-17 plays an important role in the elevation of NE in diabetes, which consequently 

favours the increase in vascular permeability.

Discussion

Retinal vascular leakage is a well-established phenomenon that occurs in diabetic 

retinopathy [25–28,33,34]. Abundant clinical evidence provides strong support for an 

important role of growth factors such as vascular endothelial growth factor (VEGF) in the 

leakage that happens in advanced stages of retinopathy. However, the genesis of the vascular 

leakage is less clear. Loss of retinal capillary pericytes in diabetes is known to play a role in 

the vascular leakage [35], but the demonstrated importance of leucocytes in development of 

capillary degeneration in early stages of diabetic retinopathy led us to consider the 

possibility that factors released from such leucocytes also might contribute to the 

permeability defect. Here, we provide evidence that NE plays an important role in the 

diabetes-induced increase of retinal vascular permeability that develops in the early stages of 

diabetic retinopathy. Diabetes of 8 months duration in WT mice led to accumulation of 

fluorescently labelled albumin in the neural retina, whereas the diabetes-induced 

permeability defect was significantly inhibited in animals lacking NE. However, this degree 

of permeability, was not sufficient to cause retinal oedema. In general, no studies of diabetic 

rodents have reported thickening of the retina due to leakage, with the exception of one 

report in diabetic rats [36]. The inhibition of the diabetes-induced increase in retinal vascular 

permeability shown in our NE-deficient mice is significant but is not total. Undoubtedly, 

there are other factors that also contribute to the permeability defect, including matrix 

metalloproteinases (MMPs), as reported previously [8].

NE in the circulation is known to be continuously exposed to an inhibitor of its proteolytic 

activity (α1 antitrypsin), and so it is reasonable to question how NE could cause any adverse 

effects in diabetes. It has been reported that NE bound to the cell surface [37], especially in 

the cleft that forms between leucocytes adhered to endothelial cells, is resistant to inhibition 

by naturally occurring proteinase inhibitors [38]. In addition, non-enzymatic glycation in 

diabetes has been reported to reduce the protease inhibitory activity of α1 antitrypsin [39].

Studies have shown that chemokine (C-X-C motif) ligand 8 (CXCL8) is upregulated in 

human bronchial epithelial cells through activation of TLR4 by purified NE, followed by 

activation of MyD88 and NF-κB [19]. Also, activation of PARs by NE is reported to activate 

NF-ĸB, resulting in increased transcription of ICAM-1 [22, 23]. In our in vitro study, 

endothelial cell permeability was significantly increased by incubation with purified human 

NE, and this increase was partially blocked by inhibitors of MyD88, NF-κB and PAR2, but 

not by 1 h incubation with inhibitors of TLR4, PAR1 and PAR4. These data indicate that the 
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NE-induced increase in endothelial cell permeability may be mediated via complex 

inflammatory signalling pathways. Endothelial cell death also contributes to the increased 

retinal vasculature permeability in diabetes [33, 40]. Our data are consistent with this idea, 

since we found that purified NE causes cytotoxicity against endothelial cells. However, we 

found that the cell death was not inhibited by any of the inhibitors listed above, indicating 

that NE increased cell permeability through PAR2, MyD88 and NF-κB is independent of 

endothelial cytotoxicity. How NE causes endothelial cell death requires further investigation.

VE-cadherin and thee junction proteins ZO-1, occludin and claudin-5 are closely associated 

with vascular permeability in diabetes [6–8], and the proteolytic activity of NE could 

contribute to the reduction in levels of these proteins [13, 41]. NE cleaves epithelial cadherin 

in acutely injured lung epithelium, and increases epithelial permeability in a time- and 

concentration-dependent fashion [42, 43]. In line with results from other investigators [8], in 

this study we found that purified human NE degrades VE-cadherin in a dose-dependent 

manner. Furthermore, preliminary studies suggested detrimental effects of NE on expression 

of other barrier proteins of the retinal vasculature. That the expression of ICAM-1 in the 

retinal vasculature is increased by diabetes has been established for years, but some 

publications also reported that expression of ICAM-1 was altered by NE [44]. In our study, 

we did not see any evidence of NE-induced changes in ICAM-1 expression in endothelial 

cells. Our results show, however, that genetic deletion of IL-17 significantly inhibited the 

diabetes-induced increase in levels of NE in the retina and serum. These data suggest that 

the diabetes-induced retinal vascular leakage may be mediated, at least in part, via IL-17 

regulation of NE and its activity.

In summary, we provide evidence that NE contributes to the vascular leakage in the early 

evolution of diabetic retinopathy, potentially via PAR2, MyD88 and NF-κB signalling. 

These data further emphasise the role of leucocytes and inflammatory processes in the 

development of diabetic retinopathy and suggest that protease inhibition may represent a 

novel therapeutic target to inhibit important components of the pathways involved in the 

genesis of retinopathy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

hREC Human retinal endothelial cell

ICAM-1 Intercellular adhesion molecule 1

INL Inner nuclear layer

IPL Inner plexiform layer

MyD88 Myeloid differentiation primary response 88

NE Neutrophil elastase

ONL Outer nuclear layer

OPL Outer plexiform layer

PAR Protease-activated receptor

SD-OCT Spectral-domain optical coherence tomography

TLR4 Toll-like receptor 4

VE-cadherin Vascular endothelial cadherin

WT Wild type

ZO1 Zona occludens 1
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Research in context

What is already known about this subject?

• Our laboratory has previously reported that leucocytes play a causal role in 

the pathogenesis of diabetic retinopathy

• Neutrophil elastase (NE) plays a role in many inflammatory human diseases, 

including chronic obstructive pulmonary disease, cystic fibrosis, acute lung 

injury and acute respiratory distress syndrome

• There is an increase in the permeability of the retina in mice with 

streptozotocin-induced diabetes

What is the key question?

• Does NE contribute to the diabetes-induced increase in retinal permeability in 

mice with streptozotocin-induced diabetes, and, if so, is IL-17 also involved?

What are the new findings?

• NE contributes to vascular leakage in diabetic retinopathy, partially through 

activation of MyD88, NF-ΚB and PAR2 and degradation of a vascular 

endothelial (VE)-cadherin

• IL-17 regulates NE expression in diabetes

How might this impact on clinical practice in the foreseeable future?

• The present study shows that a protease released by leucocytes, most probably 

neutrophils, plays an important role in the development of the diabetes-

induced increase in retinal vascular permeability. Thus, NE represents a novel 

therapeutic target that may potentially inhibit this increase in permeability
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Fig. 1. 
Effects of Elane deletion on vascular permeability in diabetic mice. WT mice with diabetes 

(WT-D) of 8 months duration significantly increased accumulation of FITC-BSA in the IPL 

(a), INL (b) and OPL (c) layers of the retina compared with that in WT non-diabetic (WT-

N) mice. (d) Representative images from each study group. Genetic deletion of Elane 
significantly inhibited the extravascular fluorescence in the IPL, INL and OPL of the retina 

in diabetic Elane−/−-D mice. FITC-BSA was injected intravenously, allowed to circulate for 

30 min, and average fluorescence was measured from cross-sections from each layer, 

excluding microvessels. Data are shown as % relative to the fluorescence in WT-N mice. 

Scale bar, 100 μm. n=5 for WT-N, n=6 per group for the others. Data are expressed as mean 

± SD. ***p<0.001 vs WT-N, †p<0.05, †††p<0.001 vs WT-D
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Fig. 2. 
Effects of Elane deletion and diabetes on retinal thickness. (a) Optical coherence 

microscopy images of retinas, (b) graph of retinal thickness in experimental groups. Neither 

diabetes nor Elane−/− resulted in any significant change in retinal thickness or loss of 

photoreceptors at 8 months of diabetes (10 months of age). Scale bar, 100 μm, n=4 per 

group. Data are expressed as mean ± SD. Elane−/−-D, diabetic Elane-knockout mice; Elane
−/−-N, non-diabetic Elane-knockout mice; WT-D, diabetic WT mice; WT-N, non-diabetic 

WT mice
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Fig. 3. 
Effect of human NE on hREC permeability, and possible mediators of this effect. (a) Human 

NE (50 nmol/l) directly increased hREC permeability, and this permeability could be 

inhibited by the NE inhibitor sivelestat. (b) The NE-induced increase in hREC permeability 

was significantly inhibited by 1 h incubation with sivelestat; it was significantly inhibited by 

MyD88 inhibitor peptide, NF-κB inhibitor and PAR2 inhibitor, but was not inhibited by 

TLR4 inhibitor, PAR1 inhibitor or PAR4 inhibitor. The complete names and concentrations 

of inhibitors used are listed in the Methods section. In the figure, replicates incubated with 

inhibitors but without NE are indicated by white circles, whereas replicates incubated with 

both the NE and the listed inhibitor are indicated by black circles. n=4 replicates for (a), n=3 

replicates for (b). All samples were measured in duplicate on 2 days (a) or 1 day (b). Data 

are expressed as mean ± SD. ***p<0.001 vs non-treated control, †††p<0.001 vs human NE-

treated control
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Fig. 4. 
NE-mediated cytotoxicity to hRECs. Human NE-mediated cytotoxicity towards hRECs was 

significantly increased after 12 h incubation compared with non-treated control. Sivelestat 

significantly inhibited the NE-induced cell death, but inhibition of TLR4, MyD88, PAR1, 

PAR2 and PAR4 did not inhibit cell death. n=5 in duplicate for each group; data are 

normalised to non-treated control and are expressed as mean ± SD. ***p<0.001 vs non-

treated control, †††p<0.001 vs human NE-treated control
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Fig 5. 
Effects of NE on the expression of VE-cadherin, the junction proteins ZO-1, occludin, and 

claudin-5, and ICAM-1. (a) Representative blots of effects of 12 h exposure of hRECs to 

various concentrations (2 nmol/l, 20 nmol/l and 100 nmol/l) of human NE on proteins. (b) 

VE-cadherin was degraded by human NE in a concentration-dependent manner. The 

expression of ZO-1 (c), occludin (d), claudin-5 (e) and ICAM-1 (f) did not seem to be 

affected by human NE. (g, h) Immunoblot from mouse retina showing decreased expression 

of VE-cadherin in diabetic animals vs non-diabetic control animals. Elane−/−-D, diabetic 

Elane-knockout mice; WT-D, diabetic WT mice; WT-N, non-diabetic WT mice Decreased 

expression of VE-cadherin was partially corrected in diabetic mice lacking NE. *p<0.05, 

***p<0.001 vs non-treated control or WT-N, †p<0.05 vs WT-D. n=4 replicates for (a–f). n=4 

mice for each group in (g) and (h). Data are expressed as mean ± SD
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Fig. 6. 
Expression of NE in Il-17a−/− mouse retina and sera. Diabetes significantly increased the 

expression of NE in the non-perfused retina (a), perfused retina (b), and sera (c). They are 

all significantly decreased in Il-17a−/− mice. The protective effects on retinal vascular 

permeability from Il-17a−/− mice [44] may be followed by a reduction of NE. For the 

perfused retina, each sample was 7 retinas pooled. 3 separate pooled samples were run in 

triplicate. For the non-perfused retina, each sample was 5 retinas pooled; 3 separate pooled 

samples were run in triplicate. Each serum sample was pooled from lancet cheek draw from 

ten mice, drawn 2 months after they became diabetic; 3 separate pooled samples were run in 

triplicate. Data are expressed as mean ± SD. ***p<0.001 vs WT-N, †††p<0.001 vs WT-D
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Table 1

Clinical data of non-diabetic (N) and diabetic mice (D)

Group Body weight (g) HbA1c

% mmol/mol

Long-term studies (8 months) WT-N 49 ± 5 3.1 ± 0.1 10 ± 0.9

WT-D 29 ± 2* 11.8 ± 0.7* 105 ± 7.0**

Elane−/−-N 40 ± 4 3.1 ± 0.1 10 ± 0.8

Elane−/−-D 27 ± 2* 11.3 ± 0.7* 101 ± 7.5**

Data are mean±SD. n = 5 for WT-N, n=6 per group for others.

**
p < 0.01 compared with N from each group. Non-diabetic (N), Diabetic (D)
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