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Purpose: A pre-clinical rat model of diabetes and an in vitro blood-retinal barrier 

(BRB) model were used to assess the potential of a novel lipoprotein-associated 

phospholipase A2 (Lp-PLA2) inhibitor to ameliorate diabetes-induced retinal 

vascular leakage. Lp-PLA2 has been shown to modulate vascular inflammatory 

responses in atherosclerosis. In diabetic retinopathy and diabetic macular 

edema (DME) there is increasing recognition of a pro-inflammatory etiology, and 

we hypothesized that Lp-PLA2 inhibition may have a direct or indirect effect on 

BRB loss in DME. The impact of systemic Lp-PLA2 inhibition is currently under 

investigation in DME patients.

Methods: Brown Norwegian (BN) rats were rendered diabetic with a single 

streptozotocin injection. Once hyperglycemia was established, rats were 

dosed daily via intraperitoneal injection of either vehicle or the Lp-PLA2 

inhibitor SB435495 (0.25 mg/kg – 10 mg/kg) for 28 days. Blood samples were 

collected immediately prior to initial dosing, and 24 h after the final drug dosing 

to determine pharmacokinetics and enzyme inhibition levels. Breakdown of  

the BRB was assessed in vivo by Evan's Blue leakage assays and extravasation 

of rat albumin, and in the in vitro BRB model. 

Results: Enzymatic activity of Lp-PLA2 was suppressed by 72.8, 57.5, 33.5, and 

19.1 % in hyperglycemic BN rats dosed with 10, 5, 1, and 0.25 mg/kg SB435495, 

respectively. Both in vivo and in vitro, Lp-PLA2 inhibition reduced BRB 

breakdown in a dose-dependent manner, whereas in a pair-wise comparison only  

the 10 mg/kg dose was significantly different from hyperglycemic control 

(p=0.0397). 

Conclusions: Inhibition of Lp-PLA2 reduces BRB compromise in diabetes. 

Therefore, this enzyme may be a viable therapeutic target in DME.

ABSTRACT
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INTRODUCTION

Breakdown of the blood retinal barrier (BRB) is a significant pathophysiological 
event during diabetic retinopathy (DR) and leakage of plasma proteins and lipids into  
the neuropile in the macula is detrimental to normal visual function.1 Ddiabetic macular 
edema (DME) is the most common cause of blindness in diabetes and can occur at any 
stage of the retinopathic process.2 DME in patients and BRB dysfunction in animal models 
have been linked to inflammatory processes, endothelial dysfunction and compromise of 
appropriate neuroglial interactions. A number of treatments are currently available for 
DME, depending upon the symptoms displayed. These include: laser photocoagulation 
and/or intravitreal delivery of corticosteroids or humanised VEGF antibodies.3 While laser 
photocoagulation is effective in the treatment of DME, it carries risk of serious adverse 
side effects including visual field defects, retinal scarring and foveal burns.4 Likewise, 
the delivery of anti-inflammatory corticosteroids or anti-VEGF antibodies has proven 
efficacy and both remain mainstream treatments for DME, involving regular delivery into 
the vitreous.5, 6 Corticosteroid use in the eye has well-recognized side effects (cataract 
formation and elevated intra-ocular pressure), whereas VEGF inhibition, although 
effective against late-stage DME, carries many potential drawbacks.6 These include 
potential neuroglial and choroidal degenerative pathology following long-term use and 
risk of systemic side effects on the cardiovascular system.7-9 Clearly, there is a need for 
improved therapeutic approaches to reverse and prevent DME.

Lipoprotein-associated phospholipase A2 (Lp-PLA2), also known as 
platelet-activating factor acetylhydrolase (PAF-AH) or type VIIA PLA2, is an enzymatic 
marker of inflammation which is more vascular specific than C-reactive peptide (CRP)10. 
Lp-PLA2 has been proposed as a predictive biomarker in stroke,11 atherosclerosis,12 
coronary heart disease13-15 and dementia.16, 17 This enzyme has two main biological 
activities, involving inactivation of PAF-AH, and hydrolysing oxidatively modified 
polyunsaturated fatty acids into lysophosphatidylcholine (LysoPC) and oxidized  
non-esterfied fatty acids (OxNEFA). LysoPC and OxNEFA, in turn, can elicit a broad 
range of pro-inflammatory and pro-apoptotic effects, activating macrophages and other 
pro-inflammatory cells that are the main sources of Lp-PLA2 in the systemic circulation. 

Darapladib is a selective inhibitor of Lp-PLA2 and has been shown to reduce 
atherosclerosis in diabetic/hypercholesterolemic pigs18 and ApoE-deficient mice.19 Further 
studies involving darapladib in the diabetic and hypercholesterolemic model demonstrated 
a protective effect in damage to the blood-brain barrier (BBB).20 Due to the structural 
functional analogy of the BBB and the BRB, we hypothesized that darapladib may have  
a preventing effect in diabetes-related vascular leakage in the retinal vasculature. 

In this study, we show that Lp-PLA2 is up-regulated in human diabetic retinal 
blood vessels and that SB435495, an analogue of darapladib, can prevent breakdown of  
the BRB in diabetic Brown Norwegian (BN) rats. We show that this Lp-PLA2 has a direct 
effect on normal endothelial function and that its inhibition may be a useful and efficacious 
therapy for DME. 
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MATERIALS AND METHODS

Human tissues

Frozen human retinal sections from both diabetic and non-diabetic donors were obtained 
from the Euro Cornea Bank. All human biological samples were sourced ethically in 
accordance with the tenets of the Declaration of Helsinki for research involving human 
tissue. Informed consent was obtained from the donors and/or their relatives and ethical 
approval was obtained from institutional Research Ethics Committees. Frozen retinal 
sections were rehydrated, blocked, permeabilised and then stained with an anti-human 
platelet-activating factor receptor acetylhydrolase antibody (PAF-AH/Lp-PLA2 antibody, 
Cayman Chemical, Ann Arbor, MI, USA) at 4°C. Immuno stainings were detected using 
EnVision-HRP system (DAB; Dako, Ely, Cambridgeshire, UK). Images of retinal sections 
were captured using a Nikon Eclipse E400 microscope and analysed using NIS-Elements 
BR3.0 software. 

Animal model of diabetic retinopathy

All experiments were conformed to UK Home Office regulations and were ethically 
reviewed and approved by the Queen's University Belfast Ethical Review Committee. 
Furthermore, studies were carried out in accordance with the European Directive  
86/609/EEC, the GlaxoSmithKline Policy on the Care, Welfare and Treatment of Animals, 
and the Association for Research in Vision and Ophthalmology Statement on the Use 
of Animals in Ophthalmic and Vision Research. Male adult Brown Norway (BN) rats  
(150-190 g) were used in these studies. This strain of animals was selected because 
previous studies have shown that these rats demonstrate a more sustained compromise 
of the BRB during diabetes,21 and therefore they are a better choice than the commonly 
used Sprague-Dawley rats.

Diabetes was induced by a single intra-peritoneal injection of streptozotocin (STZ; 
Sigma Aldrich, Dorset, England, UK; 60-65 mg/kg in 0.1 mol/L citrate buffer, pH 4.6).  
A control group of animals received citrate buffer alone. At 10 days post STZ-injection, 
hyperglycaemia was confirmed using glucometric analysis of tail prick blood samples 
(Breeze2; Bayer, Newbury, UK). Animals with a blood glucose concentration > 15 mmol/L 
were considered to have diabetes and were enrolled into the study. At the end of each 
experiment, terminal blood samples were collected, and the long-term diabetic state was 
assessed by measurement of HbA1c (glycated haemoglobin; Glyco-Tek Affinity Column; 
Helena Biosciences Europe, Gateshead, UK).

Dose formulations and Lp-PLA2 inhibition dose response studies

The Lp-PLA2 inhibitor SB435495 was synthesized by GlaxoSmithKline (London, UK). 
SB435495 was formulated as a solution in 10% Captisol (Hovione, Loures, Portugal) 
with 10 mM sodium acetate pH 4.5 (buffer contains purified water, glacial acetic acid  
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(EMD Millipore; Billerica, MA, USA) and sodium acetate trihydrate (JT Baker; Center 
Valley, PA, USA).

Diabetic animals were randomly assigned into treatment groups receiving either 
a once-daily intra-peritoneal injection of placebo, or once-daily dosing of SB435495, 
(GlaxoSmithKline; King of Prussia, PA, USA) for 28 days. A dose-range of SB435495 was 
tested; 10 mg/kg, 5 mg/kg, 1 mg/kg and 0.25 mg/kg. A separate group of non-diabetic, 
age-matched control rats received no treatment intervention. Following 28 days of  
drug-dosing, retinal vascular leakage was assessed.

Plasma SB435495 concentration and Lp-PLA2 activity assessment 

The day prior to the initial drug dosing, tail vein blood samples were collected from both 
non-diabetic control and diabetic rats, centrifuged at 13,000 xg and plasma samples 
aliquoted and stored at -80°C for subsequent Lp-PLA2 activity assessment. 24 h post 
the final placebo/SB435495 drug dosing, terminal blood samples from both non-diabetic 
and diabetic rats were collected. Blood samples were processed for plasma as described 
previously, sub-divided, and stored at -80°C, prior to determination of plasma SB435495 
concentration and Lp-PLA2 activity assessment.

Rat plasma samples were analyzed for SB435495 concentration using  
an analytical method based on protein precipitation, followed by HPLC/MS/MS analysis.  
A 25 µl aliquot of rat plasma was used in the analysis in which the lower limit of 
quantification of SB435495 was 1 ng/ml and the higher limit of quantification was  
1000 ng/ml. Rat plasma Lp-PLA2 activity was evaluated via isolation of enzyme-catalyzed 
release of [3H-] acetate from the substrate 1-O-hexadecyl-2-O-[3H-]acetyl-sn-glycer-3-
phophorylcholine (PAF) through chloroform/methanol extraction. Isolated disintegrations 
per unit time (DPMs) extracted into the aqueous layer were converted to nmoles of 
product through normalization to a [3H-]PAF standard.

Fluorescein angiography

Retinal vascular leakage was assessed in non-diabetic, placebo-treated diabetic, and 
10 mg/kg SB435495-treated diabetic BN rats, up to 3 weeks post initial SB435495 drug 
dosing using fluorescein angiography. Rats were deeply anesthetized, their pupils dilated, 
and 600 µl of 3% sodium fluorescein was administered via tail vein injection. Retinal 
vascular leakage was immediately assessed by angiography using a confocal scanning 
laser ophthalmoscope (Spectralis ®; Heidelberg Engineering Ltd, U.K.).
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Evan's Blue retinal permeability assay

Permeability of the retinal vasculature was assessed using the Evan's Blue assay as 
described by Xu et al.22 with modifications. Evan's Blue dye (Sigma Aldrich) was dissolved 
in PBS (30 mg/ml) and passed through a sterile 0.2 µm filter prior to intravenous 
administration through the tail vein (45 mg/kg). Upon administration of Evan's Blue, rats 
become visibly blue, confirming uptake of the dye. Dye was allowed to circulate for 2 h. 
Animals were terminally anaesthetized with sodium pentobarbital, and an intercardiac 
blood sample was collected and stored on ice, prior to perfusion with 0.1 M citrate buffer, 
(pH 3.5, 20 ml/min for 5 min), through the left ventricle. Eyes were enucleated, bisected 
at the equator, the lens and vitreous removed, and the retinas were dissected under  
an operating microscope and placed into a reaction tube. Retinal wet weight was 
determined and samples were dried overnight in a freeze dryer. Retinal dry weight was 
determined, prior to crushing the dried retinae with glass pestles, and incubating in 120 
µl formamide at 70°C for 18 h in order to extract any Evan's Blue that had leaked into  
the retinal tissue. After this time, the extract was centrifuged at 14,000 xg for 15 min to 
remove any retinal debris, and the filtrate was read spectrophotometrically at 620 nm 
and 740 nm (the absorbance maximum and minimum, respectively, for Evan's Blue in 
formamide). Furthermore, terminal plasma samples collected from the same animals 
were diluted in formamide and also read at 620 nm and 740 nm. The concentration of 
Evan's Blue dye in the retinal extracts and plasma was calculated from a standard curve of 
Evan's Blue in formamide, and BRB breakdown was calculated as described previously.23 

Rat retina albumin and isolectin immunostaining

Upon euthanasia, the eyes (one eye per rat, n=3 per group) were immediately enucleated, 
and fixed by immersion in freshly-prepared 4% paraformaldehyde for 2 h at 4°C. Eyes 
were bisected at the equator and cryo-protected by sequential overnight immersion in  
10%, 20% and 30% sucrose solution. Eyes were embedded in optimal cutting temperature 
(OCT) medium and serial 20 µm thick cryostat sections were cut across the entire eye and 
collected onto positively charged Superfrost slides. Four retinal sections per slide were 
collected and n=3 representative slides per animal (one from the central retina region, and 
two from opposing peripheral retina regions) were selected for staining. Frozen rat retinal 
sections were rehydrated in Tris–Buffered Saline (TBS), permeabilised in 3 % Triton X-100 
in TBS at room temp, and blocked for 1 h in 1 % donkey serum in 1 % Triton X-100/ TBS. 
Sections were incubated overnight at 4°C with sheep anti-rat albumin antibody (1:500 
dilution; Bethyl Laboratories; Montgomery, TX, USA) and Griffonia simplicifolia isolectin B4 
(IB4; 20 µg/ml) in blocking buffer (Sigma Aldrich). Sections were washed extensively with 
TBS/Triton X-100 solution prior to 1 h incubation with appropriate secondary antibodies; 
donkey anti-sheep Alexa Fluor 488 nm and streptavidin Alexa Fluor 568 nm, in the dark at 
room temp. Sections were counter-stained with DAPI, mounted with Vectashield (Vector 
Labs; Orton Southgate, UK) and images were captured with a confocal scanning laser 
microscope (Eclipse TE2000-U confocal microscope, Nikon; U.K.).
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Prophylactic Lp-PLA2 inhibition study

For this study, BN rats were maintained in a hyperglycaemic state for 4 weeks, prior 
to once-daily dosing with placebo or SB435495 (10 mg/kg) for a further 28 days.  
A normo-glycaemic age-matched cohort of animals received no treatment intervention.  
At the end of the 8 week experimental period, retinal vascular permeability was assessed 
by the Evan's Blue permeability assay and immunostaining of extravasated albumin into 
the retina.

In vitro permeability studies

Plasma from non-diabetic, placebo treated, and 10 mg/kg SB435495 treated diabetic 
rats was diluted (0.1 %) and added to confluent primary bovine retinal endothelial 
cells (BRECs) monolayers cultured on transwell inserts.24 The permeability response 
of the BRECs monolayer was assessed by the passage of 767 Da Cy3, and 70 kDA  
FITC-dextran fluorescent tracers from the upper compartment of the transwell filter to 
the lower compartment. In addition, trans-endothelial electrical resistance (TEER),  
a surrogate marker of tight junctional integrity, was measured prior to and post addition of 
the sera to the BRECs monolayers.44

DMS1529 anti-VEGF dose response study

Since standard clinical practice for DME in patients involves anti-VEGF therapy, 
this approach was assessed in the diabetic BN model. Hyperglycaemia was induced  
in BN rats by STZ injection and a cohort of age-matched control animals received a single 
injection of citrate buffer. Hyperglycaemia was confirmed by glucometric analysis of a tail 
prick blood sample 10 days post STZ injections, and maintained for a further 28 days.  
At 26 days post blood glucose measurement, diabetic animals were randomly 
assigned into different treatment groups, anaesthetised, and administered with a single  
1 µl intra-vitreal injection of anti-rat VEGF DMS1529 (1 mg/ml, 0.5 mg/ml,0.2 mg/ml or  
0.1 mg/ml) in the right eye. The contralateral eye of each animal served as a control and 
received a single 1 µl sham injection of PBS. Normo-glycaemic control animals received 
no treatment intervention. Animals recovered from anaesthesia, and retinal vascular 
permeability was assessed by the Evan's Blue assay 48 h later.

Combinational SB435495 and DMS1529 study

In order to determine whether Lp-PLA2 inhibition acts synergistically with anti-VEGF 
treatment, combinational experiments were performed. SB435495 or placebo were 
administered systemically by once daily intra-peritoneal injections into hyperglycaemic BN 
rats for 28 days, whilst DMS1529 or IgG control was administered via intra-vitreal injection 
26 days post initial placebo/SB435495 administration. A further cohort of hyperglycaemic 
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animals received sub-optimal doses of SB435495 and DMS1529 to determine whether 
combinational treatment conferred a protective effect on retinal vascular leakage 
as assessed by the Evan's Blue assay. Retinal vascular leakage was assessed by  
the Evan's Blue retinal permeability assay as described previously, 48 h post intravitreal  
IgG/ DMS1529 injection.

Statistical analyses

Data in all graphs are presented as mean ± SEM. Statistical analyses were performed 
using Prism (Graphpad Software, San Diego, CA, USA). All data sets were tested to 
verify that they fulfilled the requirements for a normal distribution. ANOVA was employed 
to compare overall treatment differences and student's t-tests were used to compare 
differences between individual treatment groups. 
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RESULTS

PAF/Lp-PLA2 is increased in human diabetic retina. 

Lp-PLA2 immuno-staining in healthy human retina demonstrated a diffuse pattern in 
the neuropile and some evidence of presents in blood vessels. In diabetic retina  
the intensity of Lp-PLA2 was markedly enhanced, especially in the retinal blood vessels 
where the enzyme appeared to be associated with the endothelium (Fig. 1).

   

  

A B C

D E F

Figure 1. Localisation of Lp-PLA2 in normal and diabetic human retina. Paraffin embedded tissue was 
sectioned, dewaxed, and immunostained for Lp-PLA2. Immunostaining (shown in brown) was detected using  
a Dako EnVision peroxidase DAB kit. A and D show negative control samples. B and E represent low and higher 
magnification images of Lp-PLA2 immunoreactivity in normal human retinal tissue. Lp-PLA2 immunoreactivity 
was observed in the inner retina. C and F images show lower and higher magnification human retinal Lp-PLA2 
immunoreactivity in diabetic tissue. Immunostaining was increased in diabetic retinal tissue and in addition 
there was evidence of perivascular accumulation of the Lp-PLA2 enzyme. Low magnification (x20 objective 
magnification), and high magnification (x40 objective magnification).

Diabetes in BN rats, Lp-PLA2 activity and pharmacokinetics of enzyme 
inhibition

Body weight was significantly reduced in the diabetic BN rats with a mean reduction 
of 33.5 % body weight in diabetic animals compared to age-matched non-diabetic 
controls (Fig. 2A). Administration of the various doses of the selective Lp-PLA2 
inhibitor, SB435495, had no discernable effect on body weight. Terminal HbA1C levels 
of glycated haemoglobin was up to 2.5 times higher in diabetic rats as compared to  
the non-diabetic control rats. SB435495 treatment showed no effect on glycated 
haemoglobin levels (Fig. 2B).
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Lp-PLA2 activity in rat serum was significantly elevated by approximately 
three-fold as compared to non-diabetic control animals (p<0.0001; one-way ANOVA) 
(Fig. 2C). Diabetes over the 28 day period had no significant effect on Lp-PLA2 activity. 
SB435495 significantly inhibited the enzymatic activity of Lp-PLA2 by 72.8%, 57.5%, 
33.5% and 19.1%, respectively, in diabetic BN rats dosed with 10, 5, 1 and 0.25 mg/kg 
SB435495 once daily for 28 days, as compared to pre-treatment Lp-PLA2 activity levels in 
the same cohort of animals (Fig. 2D). The dose-response effect on Lp-PLA2 activity was 
mirrored by the plasma serum levels of SB435495 as measured by HPLC/MS/MS 24 h 
after the last treatment (Fig. 2E). 

Figure 2. Characterisation of hyperglycaemic BN rats and associated Lp-PLA2 activity levels following 
28 days dosing with SB435495. (A) Mean change in rat body weight over the course of the experiment. 
Hyperglycaemic animals gained significantly less body weight over the course of the experiment as compared to  
the non-diabetic control group of animals. (B) HbA1c plasma levels in BN rats, 28 days post initial SB435495 
dosing. Placebo-treated and SB435495 treated hyperglycaemic rats had significantly elevated glycated 
haemoglobin (HbA1c) levels compared to normo-glycaemic control animals, and drug-treatment had no effect 
on overall HbA1c levels. (C) Hyperglycaemia significantly increased Lp-PLA2 activity. SB435495 treatment had 
no discernable effect on the activity of Lp-PLA2. (D) Percentage inhibition of Lp-PLA2 activity as compared 
to pre-treatment levels. Enzymatic activity of Lp-PLA2 was suppressed by 72.8, 57.5, 33.5 and 19.1% in BN 
rats dosed with 10, 5, 1, and 0.25 mg/kg respectively (***, p=0.0001; one-way ANOVA analysis). (E) Mean 
systemic SB435495 concentrations in terminal rat plasma samples from BN rats dosed once daily with  
the Lp-PLA2 inhibitor - SB435495. SB435495 was detected by HPLC/MS/MS and results are expressed in  
ng/ml (***, p<0.0001; one-way ANOVA analysis). In all graphs error bars represent the standard error of  
the mean.

A B

C D E
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Lp-PLA2 inhibition ameliorates retinal vascular leakage in hyperglycaemic 
BN rats

BRB breakdown in diabetic BN rats was qualitatively assessed by fluorescein 
angiography in the eye and this showed leakage into the vitreous in the diabetic retina. 
Non-diabetic control, diabetic control, and 10 mg/kg SB435495–treated diabetic rats were 
analysed using fluorescein angiography up to 3 weeks post diabetes induction. Increased 
leakage of fluorescein was observed from the retinal vessels in both the placebo-treated 
(Fig. 3A iii-iv), and SB435495-treated diabetic rats (Fig. 3A v-vi), as compared to  
non-diabetic controls (Fig. 3A i-ii). SB435495-treatment of hyperglycaemic 
animals resulted in less fluorescein vascular leak as compared to that observed in  
the placebo-treated diabetic control animals. 

Quantification of the Evan's Blue retinal vascular permeability assay showed 
a clear and quantifiable effect of diabetes on BRB in BN rats in a simple comparison 
of diabetic rats verses non-diabetic controls (Fig. 3B). Compared to placebo-treated 
diabetic BN rats, SB435495–treated diabetics showed reduced BRB breakdown in  
a dose-dependent manner (Fig. 3B; *, p=0.0233 for the dose response relationship, 
one-way ANOVA), whereas in the pair-wise comparison only the 10 mg/kg dose was 
significantly different from the hyperglycaemic control (Fig 3B; *, p=0.0397, t-test). 

The results of the Evan's Blue permeability assey findings were validated by 
immunostaining of extravasated albumin in rat retinal sections from each treatment 
group (Fig. 3C). Significant areas of retinal vascular leakage were observed in 
the placebo-treated diabetic BN rats (Fig. 3C), as compared to the non-diabetic 
control animals (Fig. 3C row 1). Areas of retinal leakage were observed both in 
the central retina (closest to the optic nerve head), and in the peripheral retina, 
especially in the diabetic control animals. It was also apparent that retinal vascular 
permeability was not widespread across the retina but focal in nature. Furthermore, 
leakage of albumin from the retinal vessels was markedly less pronounced in  
the 10 mg/kg SB435495–treated hyperglycaemic rats (Fig. 3C row 3), as compared to 
hyperglycaemic control animals. In addition, extravasated albumin gradually increased 
in rat retinal sections with decreasing SB435495 concentrations (0.25 mg/kg SB435495,  
Fig. 3C row 4).
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Figure 3. (A) Representative fluorescein angiograms of non-diabetic control (i and ii), diabetic control 
(iii and iv), and diabetic rats treated with 10 mg/kg SB435495 (v and vi). (B) Efficacy of SB435495 in the reduction 
of the Evan's Blue BRB leakage in hyperglycemic BN rats. Lp-PLA2 activity inhibition reduced BRB breakdown in 
a dose-dependent manner (*, p=0.0233 for dose-response relationship), whereas in a pair-wise comparison only 
the 10 mg/kg dose was significantly different from the hyperglycemic control (*, p=0.0397). (C) Representative 
confocal micrographs showing extravasated albumin immuno-staining in retinal sections from rats of the various 
treatment groups. Significant vascular leak was observed in the placebo-treated animals as compared to  
non-diabetic controls. Albumin leakage was markedly less pronounced in the 10 mg/kg SB435495-treated 
rats, and gradually increased as SB435495 concentration decreased (0.25 mg/kg SB435495 treated rats).  
All micrographs were taken with x40 objective magnification.
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Effect of prophylactic inhibition of Lp-PLA2 on diabetes-related BRB 
dysfunction

BN rats which were diabetic for 28 days prior to intervention trated daily with a dose 
of SB435495 (10 mg/kg) for a further 4 weeks showed increased Evan's Blue leakage. 
However, no difference in Evan's Blue leakage was observed in SB435495-treated rats, 
as compared to diabetics receiving the placebo (Fig. 4A). Immunostaining of extravasated 
albumin revealed a similar diabetes-related increase of albumin in the neuropile and there 
was a marked reduction in the immunostaining pattern in the SB435495-treated diabetic 
rats (Fig. 4B).
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rats were rendered hyperglycaemic by a single i.p. injection of STZ. 
Hyperglycaemic rats were kept for 28 days before receiving a single 
daily i.p. injection of placebo or 10mg/kg SB435495 for a further  
28 days. Lp-PLA2 activity inhibition reduced BRB breakdown in 
SB435495 treated animals, as compared to the placebo-treated 
hyperglycaemic controls. (B) Representative confocal micrographs 
showing extravasated albumin immunostainings in retinal sections 
from the three treatment groups. Significant vascular leak was 
observed in the hyperglycaemic placebotreated animals, as 
compared to the control animals. Albumin leakage was also 
markedly less pronounced in the 10 mg/kg SB435495-treated 
rats, closely following the pattern observed in the Evan's Blue 
permeability assay data. All micrographs were taken using a x40 
objective magnification.
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Lp-PLA2 inhibition in diabetic rat sera reduces vascular leakage in vitro

Terminal blood samples from diabetic controls and SB435495-treated diabetic BN rats 
were collected and processed for plasma. This plasma was then added to confluent 
BRECs monolayers cultured on Transwell membranes at a concentration of 0.1% 
and endothelial permeability was monitored using TEER. Upon addition of plasma to  
the endothelial cell monolayers, TEER values decreased substantially over the initial  
24 h period before beeing gradually re-established over the subsequent 48 h time period 
(Fig. 5). Interestingly, the percentage drop in TEER values was significantly reduced 
when using medum suplemeted with plasma from diabetic rats previously treated with 
SB435495, as compared to controls (Fig. 5). 

Figure 5. Reduction in trans-endothelial 
electrical resistance (TEER) of bovine 
retinal endothelial cell monolayers 
following administration of 0.1% 
plasma from normoglycaemic BN rats,  
placebo-treated hyperglycaemic BN rats and 
10 mg/kg SB435495 treated hyperglycaemic 
BN  rats. Blood samples were collected from 
normoglycaemic and hyperglycaemic BN rats 
following 28 day administration of placebo or 
SB435495 compound, processed and stored 
at -80°C. Plasma samples were thawed, 
diluted to 0.1% (v/v) and added to bovine 
retinal endothelial cell monolayers that had 
been cultured on Transwell membranes. 
TEER was measured at 4 h intervals 
for the initial 24 h, and at 24 h intervals 
thereafter up to 72 h post initial application. 
Addition of 0.1% plasma to the medium, 
disturbed the bovine retinal endothelial cell 
monolayer tight junctional arrangement, thus 
decreasing the TEER over the initial 24 h 
post application, before the TEER gradually 
stabilises and increases over the subsequent 
48 h. However, plasma from the SB435495-
treated animals caused a smaller reduction 
in TEER as compared to the placebo-treated 
animal plasma, suggesting SB435495 may 
have a protective effect in maintaining tight 
junctional integrity.
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VEGF and BRB function in diabetic BN rats and the effects of Lp-PLA2

DMS1529, a neutralizing antibody against rat VEGF was administered intravitreally to 
the right eye of diabetic BN rats 26 days after diabetes induction. Concentrations of 
antibody used were 1.0, 0.5, 0.2 or 0.1  mg/ml (control IgG in equivalent concentrations).  
The contralateral eye of each animal received an equivalent volume of PBS and served 
as an internal control. At 48 h post-injection, the retinal vascular permeability response 
was measured by the Evan's Blue permeability assay, revealing a typical diabetes-related 
increase compared to non-diabetic controls (p<0.05) (Fig. 6). DMS1529 treatment in diabetic  
BN rats reduced the retinal vascular permeability response in a dose-response manner, 
with permeability generally increasing stepwise as the DMS1529 concentration decreased. 
Animals treated with 0.5 mg/ml DMS1529 showed the greatest mean reduction in retinal 
vascular permeability, as compared to the hyperglycaemic control.
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Figure 6. Efficacy of the anti-VEGF molecule DMS1529 
in Evan's Blue Blood Retinal Barrier Leakage assay 
in hyperglycemic BN rats. BN rats were rendered 
hyperglycaemic by a single i.p. injection of STZ, whilst 
normoglycaemic control animals received an equivalent 
volume of citrate buffer pH 4.6. Hyperglycaemia was 
maintained for 26 days at which point animals were  
intra-vitreally injected in the right eye with 1μl of DMS1529 
(either 1.0, 0.5, 0.2 or 0.1mg/ml) whilst the contra lateral 
eye was injected with an equivalent volume of PBS 
(data not shown). 48h post intravitreal injection, retinal 
vascular permeability was assessed by Evan's Blue assay. 
Retinal vascular permeability was increased 2.65 fold in 
the hyperglycaemic control animal group compared to 
the normoglycamic animals (p= 0.0317, p<0.05), whilst 
treatment with DMS1529 resulted in a reduction in retinal 
vascular permeability that followed a dose response effect.

Figure 7. The effect of SB435495 (A) and a combination therapy of SB435495 and intravitreally delivered 
DMS1529 (B) on the retinal vascular permeability response as assessed by the Evan`s Blue permeability assay 
in hyperglycaemic DN rats.

A B

In a parallel study, the combinational therapy of the Lp-PLA2 inhibitor SB435495 
and DMS1529 was tested in hyperglycaemic BN rats (Fig. 7). The results show  
a significant increase in vascular permeability in the retinas of DB rats, as compared 
to healthy controls. Treatment with 10 mg/kg SB43549 resulted in significantly reduced 
retinal vascular permeability in DB rats, whereas treatment with 5 mg/kg had no effect 
(Fig. 7A). A combinational therapy of SB435495 and the VEGF neutralizing antibody 
DMS1529 showed significantly reduced retinal vascular permeability, as compared to 
control DB rats and rats that received only DMS1529 treatment (Fig. 7B). Furthermore,  
the combinational therapy of SB435495 and DMS1529 (Fig. 7B) resulted in similar reduction 
in retinal vascular permeability as 10 mg/ml SB435495 treatment alone (Fig. 7A).
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DISCUSSION

Increased activity of Lp-PLA2 has been associated with vascular pathology in a range 
of animal models while its levels in the circulation have also been proposed as a useful 
biomarker for inflammation-linked disease in patients. The pro-inflammatory role of 
Lp-PLA2 is considered to be mediated by its bioactive reaction products LysoPC  
(lyso-phosphatidylcholines) and OxNEFA (oxidized nonesterified fatty acids), which 
have a detrimental impact on normal endothelial function leading to vascular damage. 
The pathogenic role of Lp-PLA2 has been largely focused on the microvasculature and 
atherosclerosis, but evidence presented in the current study indicates that this enzyme 
could also play an important role in retinal microvascular dysfunction during diabetes. It is 
likely that Lp-PLA2-mediated inflammatory processes are activated in diabetic retinopathy 
and it is established that altered expression of pro-inflammatory cytokines within 
the neural retina and upregulation of adhesion molecules in the microvasculature leading to 
leukostatic responses may initiate neurovascular dysfunction and closure of capillaries.25 
Likewise, the activation of resident microglia, infiltration of monocytes and elaboration of 
pro-inflammatory cytokines in the diabetic retina underpin the importance of inflammatory 
processes in this condition.26, 27 Indeed, various anti-inflammatory agents have shown 
efficacy in animal models of diabetic retinopathy 28 and the efficacy of steroids in patients 
with DME is well established. There are few approved anti-inflammatory approaches for 
DME in patients and those currently used often carry significant side effects and are only 
indicated when laser coagulation or anti-VEGF therapy have failed.3

The current study demonstrates that Lp-PLA2 is present in the human retina 
with strong localization to the vasculature. Lp-PLA2 is primarily expressed by immune 
cells and it has a key role in maturation of monocytes into macrophages,29 although 
there is evidence that it may also be produced, albeit to a lesser extent, by vascular  
cells.30 31 The enzyme is transported in the blood in association with LDL and this, most 
likely, accounts for its vessel association in the retina. The increased intensity of Lp-PLA2 
in human diabetic retinal vessels is significant because it indicates that this enzyme can 
hydrolise oxidised phospholipids in the LDL complex proximal to the endothelium. Recent 
studies have indicated that ox-LDL plays a role in diabetic retinopathy, being associated 
with vascular and glial cell damage32 which is explained, at least in part, by abnormal 
Lp-PLA2 activity. 

Ox-LDL and other dyslipidemic factors have a strong association with progression 
of retinopathy in diabetic patients. However, except for the association with enhanced 
atherosclerotic risk in diabetes, Lp-PLA2 has not been widely studied in diabetic patients 
and more detailed studies are warranted, especially in sub-groups with complications 
like retinopathy. This is reinforced by the current study which demonstrates a significant 
increase in Lp-PLA2 activity in serum from the diabetic BN rats, in comparison to 
non-diabetic controls.
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DME in patients usually takes many years to manifest. It remains unclear how 
comparable the relatively short-term diabetic rodent model is to the clinical scenario, 
but retinal vessels do show elements of paracellular/transcellular permeability, loss of  
tight/adherens junction integrity, and loss of endothelial cells in diabetes.1, 23, 24, 33, 34 
The BN rat model was selected for the current study, because this strain demonstrates  
a sustained breakdown of the BRB when rendered diabetic, unlike the more commonly used 
Sprague Dawley rats.21 The Evan's Blue permeability assay provides a robust, quantifiable 
measure of BRB damage but it does not demonstrate the focal nature of the leakage.  
The range of permeability assays used in the current study illustrates that albumin probably 
extravasates into the neuropile at sites where there is overt endothelial cell damage and 
gaps in the endothelial monolayer. Indeed, the lack of tight-junction changes following  
28 days of diabetes supports the idea that the leakage in these animals relates to focal 
sites of endothelial cell death. 

Darapladib is an inhibitor of Lp-PLA2 with efficacy against atherogenesis in 
pre-clinical models.18, 19 In diabetic pigs, Darapladib prevents breakdown of the BBB by 
reducing leakage of microvascular IgG into the brain interstitium.20 The current study 
shows amelioration of a similar permeability response in the retina of diabetic rats using 
SB435495, as an analogue of darapladib that is active in rats. This strongly supports  
the involvement of Lp-PLA2 in vascular damage in the retina. The role of Lp-PLA2 in 
endothelial damage was further illustrated by an in vitro approach using the plasma from 
the various animal groups. Interestingly, plasma from diabetic rats caused significant 
damage of the endothelial monolayer, a response that was significantly reduced when 
plasma from the animals that had been treated with SB35495 was used in this model 
system. 

The role of VEGF in vasopermeability is well-established. Indeed, exogenous 
VEGF delivery into murine eyes can induce a transient but robust breakdown of  
the BRB,35 probably via altering tight-junction integrity. Exogenous VEGF induces 
a marked permeability response into non-diabetic BN rats, as illustrated by leakage of 
albumin (bound to Evan's Blue) and FITC-dextran. VEGF is an important driver of DME 
and many patients respond positively to regular intra-vitreal injections of therapeutic 
antibodies such as ranibizumab.6, 36, 37 In diabetic BN rats, VEGF neutralisation with 
the rat-specific antibody DMS1529 showed a clear dose-related reduction of retinal 
vascular leakage. In combinational studies using DMS1529 and SB435495, it was 
apparent that Lp-PLA2 inhibition was as effective as VEGF neutralization in preventing 
leakage in the diabetic retina. Both approaches combined reduced leakage to  
non-diabetic levels, a finding that indicates a distinct but possibly synergistic mode of 
action for DMS1529 and SB435495.

In summary, our data suggest that Lp-PLA2 has an important causative role in 
retinal vasculature dysfunction in diabetes, as manifested by breakdown of the BRB. 
Lp-PLA2 over-activity has a strong association with atherosclerosis where it provokes 
oxidative and inflammatory damage in the vessel wall. Comparable pathogenic pathways 
exist in the diabetic retina and Lp-PLA2 may be a useful therapeutic target in patients.
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