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Abstract  

Uric acid (UA) is a promising protective treatment in ischaemic stroke, but the precise 

molecular targets underlying its in vivo beneficial actions remain unclear. High 

concentrations of UA inhibit angiogenesis of cultured endothelial cells via Krüppel-like 

factor 2 (KLF)-induced downregulation of vascular endothelial growth factor (VEGF), a 

pro-angiogenic mediator that is able to increase blood-brain barrier (BBB) permeability 

in acute stroke. Here, we investigated whether UA treatment after ischaemic stroke 

protects brain endothelial cell functions and modulates the KLF2-VEGF-A axis. 

Transient intraluminal middle cerebral artery (MCA) occlusion/reperfusion was induced 

in adult male spontaneously hypertensive (SHR) rats and corresponding normotensive 

Wistar-Kyoto (WKY) rats. Animals received UA (16 mg/kg) or vehicle (Locke's buffer) 

i.v. at reperfusion. BBB permeability was evaluated by Evans blue extravasation to the 

brain and in human cerebral endothelial hCMEC/D3 cells under oxygen-glucose 

deprivation/re-oxygenation. Circulating VEGF-A levels were measured in rats and 

acute ischaemic stroke patients from the URICO‐ICTUS trial. Angiogenesis 

progression was assessed in Matrigel-cultured MCA. Worse post-stroke brain damage 

in SHR than WKY rats was associated with higher hyperaemia at reperfusion, 

increased Evans blue extravasation, exacerbated MCA angiogenic sprouting, and 

higher VEGF-A levels. UA treatment reduced infarct volume and Evans blue leakage 

in both rat strains, improved endothelial cell barrier integrity and KLF2 expression, and 

lowered VEGF-A levels in SHR rats. Hypertensive stroke patients treated with UA 

showed lower levels of VEGF-A than patients receiving vehicle. Consistently, UA 

prevented the enhanced MCA angiogenesis in SHR rats by a mechanism involving 

KLF2 activation. We conclude that UA treatment after ischaemic stroke upregulates 
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KLF2, reduces VEGF-A signalling, and attenuates brain endothelial cell dysfunctions 

leading to neuroprotection. 

 

Keywords: hypertension; ischaemic stroke; Krüppel-like factor 2; vascular endothelial 

growth factor-A; blood-brain barrier; angiogenesis 

 

 

1. Introduction 

Endothelial cells form a single layer that covers the inner lining of the blood vessels, 

known as vascular endothelium. Brain endothelium modulates multiple functions, 

including cerebral vessel tone, blood-brain barrier (BBB) function, and 

neovascularization, which are critical to maintaining brain homeostasis. During 

ischaemic stroke, the integrity of the brain endothelium is perturbed, resulting in 

endothelial cell release of proinflammatory mediators, degradation of the vascular 

basement membrane, BBB breakdown, and altered neovascularization/angiogenesis 

[1]. After stroke, angiogenesis, the outgrowth of new vessels from preexisting blood 

vessels, promotes survival of the resilient cells, acts to remove injured tissue and 

facilitates the adequate environment for neurogenesis [[2], [3], [4]]. Hypertension is the 

leading cause of stroke and leads to larger brain damage and worse functional 

outcomes [5,6]. It is proposed that the angiogenic response in hypertension may be 

dysfunctional impairing recovery [3,7]. However, in hypertension, the knowledge of the 

progression and the pathophysiological relevance of altered brain endothelium 

functions, namely BBB disruption and altered neovascularization, is limited. 
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Endovascular thrombectomy and/or intravenous administration of recombinant tissue-

type plasminogen activator (rtPA) are the only effective treatments currently available 

for ischaemic stroke patients, thus, development of novel therapeutic strategies is a 

subject of utmost importance [8]. The vascular endothelial growth factor (VEGF) family 

of angiogenic growth factors is implicated in neuroprotection, neurogenesis, and 

angiogenic growth [4]. Upregulation of VEGF occurs after a few hours in response to 

ischaemic stroke [9,10], both in the penumbra area [9,11] and in cortical areas 

functionally related to the area of the infarction [12]. Among them, the human VEGF-A 

is a Janus-faced molecule, since together with its proangiogenic and neuroprotective 

effects, it disrupts the BBB integrity, leading to edema, hemorrhage, and brain damage 

[[4], [13], [14], [15]]. Therefore, fine-tune regulation of VEGF-A signalling to protect 

early BBB opening and associated brain injury may be a feasible target of acute 

ischaemic stroke therapy [16,17].  

 

Uric acid (UA) treatment has shown to be safe and neuroprotective in both 

experimental [[18], [19], [20], [21], [22], [23], [24], [25]] and human [[26], [27], [28], [29], 

[30]] ischaemic stroke. Although the mechanisms underlying UA beneficial actions are 

not completely understood, it is proposed that the brain vasculature could be an 

important target of this therapy [[21], [25], [31]]. Interestingly, a previous study showed 

that high concentrations of UA inhibit angiogenesis of cultured endothelial cells via 

Krüppel-like factor 2 (KLF2)-induced negative regulation of VEGF-A expression [32]. 

KLF2 is a member of the zinc finger family of transcription factors that modulates 

essential cellular functions, including regulation of endothelial cell growth, 

differentiation and activation [33]. Further, KLF2 expression can be amplified either by 

blood flow-induced shear stress [34,35] or by statins [36,37], effects that are mediated 



5 
 

through the activation of the extracellular-signal-regulated kinase 5 [[37], [38], [39]]. 

KLF2 protects mice from thrombus formation by a mechanism involving decreased 

expression of endothelial thrombotic factors [40]. Notably, Shi et al. [41] elegantly 

described that brain infarction and BBB permeability were enhanced in the absence of 

KLF2 and attenuated after its overexpression, which is the first direct evidence of a 

protective role of KLF2 in ischaemic stroke.  

 

The main objective of the present study was to investigate whether protection of brain 

endothelial cell functions and modulation of the KLF2-VEGF-A axis are involved in UA-

induced beneficial actions in a model of ischaemia/reperfusion in spontaneously 

hypertensive rats (SHR) and their control rats (WKY). The results show that worse 

brain damage in SHR rats is associated with higher BBB disruption and exacerbated 

middle cerebral artery (MCA) angiogenic sprouting. UA treatment early after stroke 

protected BBB function in both rat strains and abolished the increased angiogenic 

responses in SHR rats. Notably, the antiangiogenic effects of UA in hypertension were 

at least partly mediated by KLF2, and were associated with a decrease in circulating 

levels of VEGF-A. Accordingly, hypertensive ischaemic stroke patients treated with UA 

in the acute phase of stroke showed reduced serum VEGF-A levels compared with 

placebo treated patients. Overall, the findings demonstrate that UA treatment after 

stroke leads to protection of brain endothelial cell functions, an effect that is associated 

with upregulation of KLF2 and reduction of VEGF-A signalling.  

 

 

2. Materials and Methods 

2.1. Animals 
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Twelve- to 14-wk-old male WKY (n = 54) and SHR (n = 78) rats (Janvier, Madrid, 

Spain) were housed under controlled environmental conditions of temperature and 

humidity, a 12:12-h light-dark cycle, and provided with free access to food and water 

before and after surgery. All of the experiments were carried out under the Guidelines 

established by the Spanish legislation (RD 1201/2005) and according to the Guide for 

the Care and Use of Laboratory Animals, published by the United States National 

Institutes of Health (NIH Publication 85-23, revised 1996). Experiments were approved 

by the Ethics Committee of the Universitat Autònoma de Barcelona (7944/B-RP-

042/16) and were carried out in compliance with the European legislation. 

 

2.2. Patients  

Patient serum samples were obtained from the population included in the URICO-

ICTUS study (NCT00860366), a double-blind, multicenter, randomized, placebo-

controlled, phase-2b/3 trial where 411 alteplase-treated patients were randomized to 

receive UA 1000 mg or placebo before the end of alteplase infusion [26]. In brief, the 

URICO-ICTUS trial included patients with acute ischaemic stroke treated with alteplase 

within 4.5 h of clinical onset at ten Spanish Stroke Centers between July 1, 2011, and 

April 30, 2013. Overall, 211 patients were treated with UA and 200 patients were 

treated with placebo. The main results and detailed methods of the URICO-ICTUS trial 

are available elsewhere [26]. Approval was obtained from all ethical boards of the 

participating centers and all participants (or their legal representatives) provided written 

informed consent. Human serum studies were carried out according to the Institutional 

Clinical Review Board of Spanish clinical centers, and the patients’ written consent 

conformed to the ethical guidelines of the 1975 Declaration of Helsinki.  
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2.3. Transient Middle Cerebral Artery Occlusion 

Intraluminal occlusion (90 min) of the right MCA with reperfusion (30 min or 24 h) was 

induced in rats anaesthetized with isoflurane (3.5%; IsoFlo®, Laboratotios Dr. Esteve 

SA, Barcelona, Spain) vaporized in O2 and N2O (30:70; Air Liquide España SA, 

Barcelona, Spain) to induce focal brain ischaemia [21]. Sham-operated (sham) rats 

were subjected to all the surgical procedures and were used as controls. Continuous 

monitoring of cortical cerebral blood flow (CBF; laser Doppler flowmetry system; 

Perimed AB, Järfalla, Sweden) was performed as reported [21]. Briefly, a guide was 

implanted on a thinned-skull cranial window (stereotaxic coordinates: 2 mm posterior 

and 3.5 mm lateral to Bregma) created in anaesthetised rats the day before ischaemia. 

Before induction of ischaemia, the laser Doppler probe was introduced through the 

guide and registration was started. Body temperature was monitored with a rectal 

probe and controlled at 37 ± 0.5 °C during surgery with a heating blanket connected to 

a temperature-control system (Cibertec, Madrid, Spain).  

 

120 mins after MCA occlusion (i.e. after 30 min of reperfusion), rats received an 

intravenous infusion of UA (16 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) or vehicle 

(Locke's buffer), and were studied after 24 h of reperfusion. This dose was chosen 

based upon previous studies showing a neuroprotective effect of UA in stroke [[18], 

[19], [20], [21], [22], [23], [24], [25]]. A nine-point scale (0 = no deficit to 9 = highest 

handicap) neurological test was performed at 24 h of reperfusion [42]. Afterwards, 

animals were deeply anaesthetized with isoflurane (5%) immediately prior to 

euthanasia by decapitation. The brain was removed and infarct volume was assessed 

in 2-mm-thick coronal sections stained with 2,3,5-triphenyltetrazolium chloride (5%; 

Sigma-Aldrich) staining, as described [43]. 
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Animals were randomly allocated to the following experimental groups: a) sham 

surgery was applied to rats that received vehicle, including normotensive rats (sham 

WKY + vehicle, n = 5) and hypertensive rats (sham SHR + vehicle, n = 6); and b) I/R 

was induced in normotensive or hypertensive rats that received either vehicle (I/R WKY 

+ vehicle, n = 11; I/R SHR + vehicle, n = 13) or UA (I/R WKY + UA, n = 10; and I/R 

SHR + UA, n = 10). Ten animals were excluded from the study following these criteria: 

technical surgical problems (n = 2 WKY; n = 6 SHR) and unsuccessful CBF registry (n 

= 2 WKY). For plasma VEGF-A studies, an additional set of rats subjected to ischaemia 

followed by 24 h of reperfusion was used: sham WKY + vehicle, n = 8; sham SHR + 

vehicle, n = 12; I/R WKY + vehicle, n = 5; I/R SHR + vehicle, n = 5; I/R WKY + UA, n 

= 5; and I/R SHR + UA, n = 6). Eight animals were excluded from the study following 

these criteria: technical surgical problems (n = 5 SHR) and unsuccessful CBF registry 

(n = 1 WKY; n = 2 SHR). 

 

Additional groups of untreated rats were studied after ischaemia and 30 min of 

reperfusion, including normotensive (WKY I/R, n = 5) and hypertensive (SHR I/R, n = 

12) rats. One animal was excluded from this study due to technical surgical problems 

(n = 1 SHR).  

 

2.4. Blood Pressure Measurements  

Measurement of systolic blood pressure (SBP) was carried out in a blinded fashion in 

conscious SHR and WKY rats using the tail-cuff method (NIPREM 645; Cibertec, 

Madrid, Spain). To make the pulsation more detectable, rats were restrained for 10-15 

min in a dark and warm cage followed by several cycles of inflation/deflation to 
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measure blood pressure. Rats were allowed to habituate to the procedure for 3 days 

before doing the final measurement the day before surgery. The average SBP of each 

rat was determined from six consecutive measurements. 

 

2.5. Analysis of circulating levels of VEGF-A 

Blood (500 μl) was collected intracardially just before rats were killed. Plasma 

circulating levels of VEGF-A were measured in a 96-well plate using a Milliplex MAP 

rat RECYTMAG-65K Magnetic Bead Panel (Merck Millipore, Burlington, MA, USA) 

following the kit-specific protocols, as described [21]. Analytes were quantified with 

xPONENT 4.2 software for MagPix (Luminex, Austin, TX, USA).  

 

Serum VEGF-A levels were measured in serum samples obtained before the onset of 

thrombolytic therapy and following 6-12 h in a subset of 56 acute ischaemic stroke 

patients included in the URICO-ICTUS trial (27 allocated to receive UA, 29 allocated 

to receive placebo) [26]. Serum VEGF-A levels were determined using an enzyme-

linked immunosorbent assay (Abcam, Cambridge, UK) according to the manufacturer's 

instructions. 

 

2.6. Evans blue BBB permeability 

Evans blue extravasation to the brain tissue was studied as a measure of BBB 

permeability, as reported [43,44]. Briefly, Evans blue (2% in saline; Sigma-Aldrich) was 

administered i.v. (80 mg/kg of body weight) 22 h after ischaemia in rats anaesthetized 

with isoflurane (3.5%) vaporized in O2 and N2O (30:70). Two hours later, the animals 

were perfused through the heart with saline. The brain tissue was removed and sliced 

in 2-mm-thick coronal sections to   measure   the   volume   of   tissue   with   Evans 
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blue extravasation. Images of the sections were scanned and analyzed with Image J 

software (National Institutes of Health, Bethesda, MD, USA). All measures involving 

Evans blue permeability were performed blinded to all experimental conditions. 

 

2.7. In vitro OGD and permeability in human hCMEC/D3 endothelial cells  

The human cerebral microvascular endothelial cell line hCMEC/D3 was obtained from 

Dr. Couraud’s laboratory in Paris, France [45,46], and were used between passages 

27 and 35. Cells were cultured on 150 g/mL collagen type I (Rat tail, Corning, NY, 

USA)-coated plates, in endothelial basal medium-2 (Lonza, Barcelona, Spain) 

supplemented with 5% fetal bovine serum (FBS, Life Technologies, Madrid, Spain), 

1.4 M Hydrocortisone (Sigma-Aldrich), 5 g/mL Ascorbic Acid (Sigma-Aldrich), 1% 

Chemically Defined Lipid Concentrate (Life Technologies), 10 mM HEPES (Life 

Technologies) and 1 ng/mL human Fibroblast Growth Factor-basic (Sigma-Aldrich). 

Cells were maintained at 37 ºC, in a humidified atmosphere containing 5% CO2. For 

permeability assays, cells were seeded at 1,000,000 cells/mL in collagen and 

fibronectin-coated 12-well Transwell inserts (Transwell polyester membrane inserts, 

pore size 0.4 M. Corning, NY, USA) and allowed to grow for 4 days before applying 

any treatment. 

 

Oxygen and glucose deprivation (OGD) and re-oxygenation were performed as 

described in Sun et al. [47]. Briefly, cells were washed with glucose-free phosphate-

buffered saline, and then placed in FBS-free Dulbecco's Modified Eagle's Medium 

(DMEM, Life Technologies) containing UA (10-1000 µM) or UA (50 µM) plus the highly 

specific extracellular-signal-regulated kinase 5/KLF2 pathway inhibitor XMD8-92 (1-30 

µM) [39,48] into a temperature-controlled (37 ºC) in vivo hypoxia workstation 
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(RUSKINN Sanford, ME, USA), with a gas mixture composed of 5%CO2, 95% N2 and 

0.5% O2. Cells were maintained under OGD conditions for 16 h. In parallel, control 

cells were maintained in FBS-free DMEM containing 5 mM Glucose in an incubator 

under normoxic conditions (5% CO2/95% air) for the same time. For re-oxygenation, 

cells that had undergone OGD were returned to normoxic conditions after addition of 

glucose (5 mM) to the media for 24 h. 

 

After OGD and re-oxygenation, endothelial cell permeability was determined by 

measuring the pass of dextran from the luminal to the abluminal side of the insert, as 

described [49]. Briefly, 500 µL of phenol red-free DMEM containing 2 mg/mL 70 kDa 

Fluorescein isothiocyanate-dextran (Sigma-Aldrich) were added replacing the luminal 

side culture media. The permeable filter inserts were then sequentially transported at 

5 min intervals for 30 min in total into new wells containing pre-warmed phenol-free 

DMEM, maintaining cells at 37 ºC during the process. Then, fluorescence of each well 

(two replicates per experimental condition) was measured at 485 nm and 520 nm 

(ex/em), and apparent permeability coefficients (cm/sec) were calculated from curves 

slopes (fitted using linear regression) obtained by plotting cumulative volume cleared 

against time, for each experimental condition. Permeability values were normalised for 

non-treated OGD/re-oxygenation or non-treated normoxia average values.  

 

2.8. MCA angiogenesis 

MCA angiogenic growth was measured following the protocol described by Vicente et 

al. [50]. MCA were isolated at 24 h or at 30 min after reperfusion and measurements 

of angiogenesis were performed after culture day 4. In preliminary experiments, we 

observed that the MCA did not show angiogenic growth after isolation at 24 h, and 
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neovessel formation was not evident enough until day 4. Briefly, segments of the right 

(ischaemic) and left (contralateral to ischaemia) MCA were dissected under a surgical 

microscope, kept in cold Krebs-Henseleit solution (KHS; composition in mM: NaCl 

112.0; KCl 4.7; CaCl2 2.5; KH2PO4 1.1; MgSO4 1.2; NaHCO3 25.0 and glucose 11.1) 

supplemented with amphotericin B (15 mg/l) (Biowhittaker ®, Lonza, Basel, 

Switzerland) and gentamicine (30 mg/l) (Genta-gobens ®, Laboratorios Normon SA, 

Tres Cantos, Madrid, Spain), and gassed with 95% O2 and 5% CO2. Afterwards, 

vessels were immersed into the wells of a 96-well plate (Costar, Corning Inc., Corning, 

NY, USA) containing Matrigel® (50 μl; BD Bioscience, San Jose, CA, USA) at 4 oC. 

After 30 min at room temperature, 200 μl of microvascular endothelial cell growth 

medium (Labclinics, Barcelona, Spain) supplemented with fetal bovine serum (5%), 

amphotericin B (15 mg/l) and gentamicine (30 mg/l) were added to each well. Plates 

were incubated at 37 °C and 5% CO2 for 14 days, and culture medium was renewed 

the day after seeding and every two days.  

 

Neovessel growth progression was measured in MCA from WKY and SHR rats 

subjected to ischaemia (90 min)/reperfusion (24 h) and treated with UA or vehicle. 

Furthermore, ischaemia (90 min)/reperfusion (30 min) was induced in a separate set 

of WKY and SHR rats and ischaemic MCA segments were exposed ex vivo to either 

UA (10-30 µM), the KLF2 expression inductors simvastatin (10 µM) [51] and 

suberoylanilide hydroxamic acid (SAHA; 10 µM) [52], XMD8-92 (5 µM), and the 

corresponding vehicles (Locke’s buffer or 0.1% DMSO), added into the culture medium 

for 23.5 h to study MCA angiogenesis. The concentrations of UA (10 and 30 µM) were 

chosen based on plasma concentrations (4-5 µg/ml; i.e. 24-30 µM) reached after i.v. 

administration (16 mg/kg) in ischaemic rats [21]. Angiogenic growth images were taken 
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the fourth, fifth, sixth, seventh, tenth and fourteenth day after seeding. Image capture 

was performed using an inverted microscope equipped with a camera (10x objective; 

TE2000 Nikon Eclipse-S, Nikon España, Madrid, Spain). The length of the longest 

vessel sprouting from the outer surface of the MCA (starting point) was measured with 

Image J software (National Institutes of Health, Bethesda, MD, USA) [50]. A minimum 

of three fields per MCA segment were measured and the average recorded.  

 

2.9. Western blot 

Human cerebral microvascular endothelial cells hCMEC/D3 were homogenized in 50 

mM Tris-HCl (pH 7.5), containing 1% Triton X-100, 10 mM EDTA and a protease 

inhibitors cocktail (1:100; Sigma-Aldrich), and were then sonicated for 10 seconds. 

Protein concentration in homogenates was determined by the Bradford method, and 

equal amounts of protein (20 g/lane) were separated by SDS-PAGE and transferred 

onto nitrocellulose membranes, as described [47]. Primary antibodies used were anti-

KLF2 (1:500; #Ab203591, lot GR313218-2, Abcam), anti-occludin 1 (1:2000; #33-

1500, lot QD215073, Thermo Fisher Scientific, Carlsbad, CA, USA), anti-ZO 1 (1:1000; 

# 44-2200, lot 1574917A, Thermo Fisher Scientific), anti-Claudin 5 (1:500; #sc-

374221, lot H0516, Santa Cruz Biotechnology, Dallas, TX, USA), anti-VE-cadherin 

(1:500; #sc-9989, lot A1217, Santa Cruz Biotechnology) and anti-β-Actin (1:20000; 

#A1978, Sigma-Aldrich). Secondary HRP (horseradish peroxidase)-conjugated 

antibodies used were anti-rabbit IgG (1:1,000; BD Biosciences, San Jose, CA, USA) 

and anti-mouse IgG (1:1000; Dako, Madrid, Spain). Band intensities were quantified 

with ImageJ software, and relativized using β-Actin as a loading control. The values 

were then normalised for non-treated cells in normoxia. 
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2.10. Quantitative Real-Time PCR (qRT-PCR) 

Branches of the MCA and the remaining cerebral arteries were dissected, were kept 

at -70 °C, and used for mRNA expression analysis. mRNA levels were determined by 

SYBER green-based qRT-PCR detection following the manufacturer's guidelines 

(Thermo Fisher Scientific), as described [53]. Amounts of VEGF-A, VEGF receptor 2 

(VEGFR2), and KLF2 mRNA were normalised relative to the expression of internal 

controls GAPDH and 18S ribosomal RNA. Cycle threshold (Ct) values were referenced 

to the average Ct of internal controls [comparative Ct (ΔCt)] and were converted to the 

linear form relative to corresponding levels in control sham vessel levels (2−ΔΔCt). 

 

2.11. Immunofluorescence 

Segments of the ipsilateral MCA from SHR rats subjected to ischaemia (90 

min)/reperfusion (30 min) were exposed ex vivo to either vehicle or UA (30 µM) added 

into the culture medium for 23.5 h. Afterwards, segments were fixed in 4% 

paraformaldehyde and embedded in Tissue Tek OCT embedding medium (Sakura 

Finetek Europe, Zoeterwoude, the Netherlands), frozen in liquid nitrogen and kept at 

−70 °C. Frozen transverse sections (14 μm-thick) were incubated for 1 h with anti-

KLF2 (1:100; #Ab203591, lot GR313218-2, Abcam) primary antibody in a humidified 

chamber at 37 °C. After several rinses, sections were incubated (for 45 min) with a 

donkey anti-rabbit IgG secondary antibody conjugated to Cyanine 3 (1:200; #711-165-

152, lot 110351, Jackson ImmunoResearch Laboratories, West Grove, PA, USA) in a 

humidified chamber at 37°C. Sections were processed for immunofluorescence 

staining as previously described [21]. The specificity of the immunostaining was 

verified by omission of the primary antibody. Images were captured using a FV1000 

confocal microscope (Olympus Iberia, Barcelona, Spain). Quantitative analysis of 
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average fluorescence signal was obtained in at least two rings of each animal with 

Image J software (National Institutes of Health, Bethesda, MD, USA), and the results 

were expressed as arbitrary units. 

 

2.12. Statistical Analysis 

Results are expressed as mean ± SEM of the number (n) of rats indicated in the figure 

legends. Normal distribution was checked before choosing the appropriate statistical 

analysis. Comparison between two groups was carried out with the Mann-Whitney or 

Student's t test. Comparison between more than two groups (one single factor) was 

carried out with one-way ANOVA or the Kruskal-Wallis test followed by Tukey's or 

Dunn’s post-test, respectively. Difference in angiogenic growth between normotensive 

and/or hypertensive rats and the effect of UA treatment were assessed by a repeated 

measures two-way ANOVA with Bonferroni's post-test for grouped analyses. Data 

analysis was carried out using GraphPad Prism version 5 software (La Jolla, CA, USA). 

Serum VEGF-A levels in patients were reported as median with interquartile ranges 

and compared with the Mann-Whitney test, and were subsequently transformed to the 

cubic root to approach normality before their inclusion in general linear models 

constructed to assess the impact of UA vs. placebo on longitudinal levels of VEGF-A 

according to premorbid hypertension status. A value of P < 0.05 was considered 

significant. 

 

 

3. Results 

3.1. UA treatment is neuroprotective in ischaemic WKY and SHR rats 
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SBP was higher (P < 0.001) in SHR (168.41 ± 1.60 mmHg; n = 17) than WKY (128.23 

± 2.60 mmHg; n = 18) rats, as expected. After occluding the MCA for 90 min, the rats 

received (i.v.) either UA or vehicle (Locke’s buffer) 120 min after occlusion (i.e. 30 min 

after reperfusion onset) (Fig. 1A). The decrease of CBF during ischaemia was 

comparable among groups (Table 1). However, the increase of CBF at reperfusion 

was higher in SHR compared to WKY rats (Table 1). After 24 h of reperfusion, larger 

(P < 0.01) cortical infarct volumes were observed in vehicle-treated hypertensive 

compared to normotensive ischaemic rats (Fig. 1B and C). A single dose 

administration of UA reduced (P < 0.01) the cortical infarct volumes in both WKY (Fig. 

1B) and SHR (Fig. 1C) rats. The neurological score was similar in vehicle-treated SHR 

compared to WKY ischaemic rats (Fig. 1B and C). UA treatment did not significantly 

decrease neurological score values in WKY or SHR rats after separate analysis of 

each strain. However two-way ANOVA by treatment and strain factors showed a global 

significant improvement of the neurological score in the rats that received UA (P < 0.01; 

two-way ANOVA; Fig. 1D). 

 

3.2. UA treatment protects the BBB integrity in ischaemic WKY and SHR rats  

BBB permeability was assessed by Evans blue extravasation to the brain parenchyma. 

In a separate set of rats, the MCA was occluded for 90 min and the rats received (i.v.) 

either UA or vehicle 30 min after reperfusion onset. Evans blue was administered (i.v.) 

at 22 h of reperfusion and the volume of Evans blue extravasation to the brain 

parenchyma was measured at 24 h of reperfusion (Fig. 2A). Evans blue extravasation 

was larger (P < 0.01) in vehicle-treated SHR compared to WKY ischaemic rats (Fig. 

2B). Treatment with UA significantly attenuated (P < 0.05) Evans blue extravasation in 

both rat strains. 
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3.3. UA treatment inhibits the exacerbated MCA angiogenic response in 

ischaemic SHR rats  

A previous study suggested that high concentrations of UA inhibit angiogenesis of 

cultured endothelial cells [32], then, our next step was to study whether UA exerted 

similar actions in ischaemic stroke. In the present work, we studied the angiogenic 

response of isolated MCA from WKY and SHR rats that were previously subjected to 

cerebral ischaemia (90 min)/reperfusion (24 h), and treated (i.v.) with either UA or 

vehicle 30 min after reperfusion onset (Fig 3A). The ipsilateral to ischaemia (ischaemic) 

and contralateral MCA was cultured in growth medium containing Matrigel, and the 

angiogenic growth was longitudinally scored at day 4, 5, 6, 7, 10 and 14 after seeding 

(Fig 3A). Hypertension did not modify the MCA angiogenic response in sham rats (Fig 

3B and C). Neither ischaemia/reperfusion, nor UA treatment modified angiogenic 

growth in the contralateral MCA (results not shown). In the ipsilateral MCA, neovessel 

sprouting was similar in vehicle-treated ischaemic compared to sham WKY rats (Fig 

3B and C). In contrast, vehicle-treated ischaemic SHR rats showed an early-term (from 

day 4 to 7) increase in neovessel formation compared to either sham SHR rats or 

ischaemic WKY rats (Fig 3C). This higher MCA angiogenic growth in ischaemic SHR 

rats stopped at day 10 and was lower (P < 0.05) at day 14 (WKY: 594.5 ± 38.3 µm; 

SHR: 482.4 ± 34.8 µm) compared to ischaemic WKY rats (Fig 3C). Although UA 

treatment did not significantly modify neovessel sprouting after ischaemia in WKY rats 

(Fig 3D), it prevented the early exaggerated angiogenic response in SHR animals (Fig 

3E). 
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3.4. UA treatment decreases circulating levels of VEGF-A in ischaemic SHR rats 

and in hypertensive acute ischaemic stroke patients  

The antiangiogenic actions of UA in cultured endothelial cells are mediated via the 

KLF2-VEGFA axis [32]. To evaluate the involvement of this signalling pathway on the 

neuroprotective activity of UA in ischaemic stroke, we first studied the circulating levels 

of VEGF-A in WKY and SHR animals subjected to cerebral ischemia (90 

min)/reperfusion (24 h) (Fig. 4A). Plasma levels of VEGF-A were significantly higher 

(P < 0.05) in vehicle-treated ischaemic SHR, but not WKY, rats compared to sham 

rats. Treatment with UA avoided the increase in the circulating VEGF-A levels 

observed in vehicle-treated SHR rats after I/R (Fig 4A).  

 

We, subsequently, tested the translational value of these findings by measuring serum 

VEGF-A levels in acute ischaemic stroke patients from the URICO-ICTUS trial [26]. 

The general traits of the included population according to hypertension history and 

treatment allocation (UA vs. placebo) are shown in Table 2. Overall, pre-treatment 

VEGF-A levels were similar in both groups according to treatment allocation [median 

(IQR) 214 (123-368) pg/ml for placebo group vs. 211 (99 – 318) pg/ml for UA group, 

Mann-Whitney test P = 0.549] and to premorbid hypertension [median (IQR) 222 (112 

– 386) pg/ml for hypertensive patients vs. 192 (97 – 282) pg/ml for no hypertensive 

patients, Mann-Whitney test P = 0.235]. In linear regression models, a significant 

interaction was found between treatment allocation (UA vs. placebo therapy) and 

premorbid hypertension status on the prediction of serum cubic-root transformed 

VEGF-A levels at 6-12 h (P = 0.05). In comparison with placebo, in the subgroup of 

patients with pre-treatment hypertension, the administration of UA was associated with 

significantly lower levels of cubic-root transformed VEGF-A at 6-12 h (Exp{B} = 0.138, 
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95% confidence interval 0.029-0.653, P = 0.012), whereas no effect was apparent in 

the subgroup of patients without pre-treatment hypertension (Exp{B} = 1.281, 95% 

confidence interval 0.377-4.355, P = 0.691). The distribution of serum VEGF-A levels 

according to treatment allocation and history of hypertension is shown in Fig. 4B. 

Circulating VEGF-A levels were significantly reduced (P < 0.05) after 6-12 h of 

combined treatment with UA and rtPA in hypertensive, but not normotensive, stroke 

patients.  

 

3.5. UA treatment increases genic expression of KLF2 in cerebral vessels from 

ischaemic SHR rats  

It is known that KLF2 can inhibit angiogenesis through downregulation of either the 

potent pro-angiogenic factor VEGF-A [32] or VEGFR2 [54] expression. We assessed 

mRNA levels of VEGF-A, VEGFR2 and KLF2 in cerebral arteries from WKY and SHR 

rats subjected to cerebral ischaemia (90 min)/reperfusion (24 h) and treated (i.v.) with 

either UA or vehicle (Fig 5). VEGF-A and VEGFR2 mRNA levels were not altered 

neither by I/R nor by UA treatment in WKY and SHR animals. However, in the same 

vessels, genic expression of KLF2 was significantly increased by UA treatment in SHR 

but not in WKY animals.  

 

3.6. KLF2 inhibition does not prevent the reduction of BBB permeability induced 

by UA  

To study the mechanisms by which UA protects the BBB, we cultured human cerebral 

microvascular endothelial hCMEC/D3 cells to create an in vitro BBB [49]. We 

subsequently subjected the cells to 16 h of OGD followed by 24 h of re-oxygenation, 

and the permeability was assessed by measuring fluorescein isothiocyanate dextran 
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passage (Fig 6A). As expected, exposure of non-treated cells to OGD + re-oxygenation 

induced an increase (P < 0.001) in BBB permeability (Fig 6B), an effect that was not 

accompanied by changes in protein expression of neither tight junction proteins 

occludin, zonula occludens-1 and claudin-5, nor adherens junction protein VE-cadherin 

(Fig 6C). Notably, UA significantly attenuated the permeability of the barrier under 

OGD + re-oxygenation conditions (Fig 6B). Previous studies reported that KLF2 

protects BBB function [41,55]. In hCMEC/D3 cells, KLF2 expression was significantly 

attenuated (P < 0.05) after OGD + re-oxygenation, an effect that was prevented by UA 

(Fig 6D). However, incubation with XMD8-92 (1-30 µM), a highly specific extracellular-

signal-regulated kinase 5/KLF2 pathway inhibitor, did not prevent the BBB-protective 

effects of UA (Fig 6E).  

 

3.7. The KLF2-VEGF-A axis mediates the antiangiogenic actions of UA and 

modulates angiogenic activity in ischaemic vessels  

To determine the involvement of KLF2 on the antiangiogenic activity showed by UA in 

vivo treatment in ischaemic SHR rats, we studied the direct effects of UA incubation 

on the MCA angiogenic growth in rats subjected to cerebral ischaemia (90 

min)/reperfusion (30 min) (Fig 7A). In these studies, the decrease of CBF during 

ischaemia was comparable among groups, and the increase of CBF at reperfusion 

was higher (P < 0.01) in SHR compared to WKY rats (Table 3). Incubation in the culture 

medium with two different concentrations of UA (10 µM and 30 µM) significantly 

attenuated MCA neovessel sprouting in both WKY (Fig 7B) and SHR (Fig. 7C) rats. 

UA (30 µM) incubation in the culture medium tended (P = 0.065) to increase KLF2 

expression in MCA from ischaemic SHR rats, an effect that was predominantly 

observed in nuclei from adventitia and arachnoid membrane (Fig 7D). XMD8-92 (5 µM) 
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reverted (P < 0.05) the UA (30 µM)-induced attenuation of MCA neovessel formation 

(Fig 7E). The effects of two known KLF2 activators, simvastatin (10 µM) and SAHA (10 

µM) were assessed by their addition into the culture medium. Both KLF2 activators 

induced a significant decrease of MCA angiogenic growth that started in the first days 

after seeding (Fig 7F). 

 

 

4. Discussion 

UA is a promising drug to treat cerebral ischaemic stroke, but the precise mechanisms 

underlying its beneficial actions remain unclear. In the present work, we show that UA 

treatment exerts neuroprotective effects after ischaemic stroke in normotensive (WKY) 

and hypertensive (SHR) rats, as shown by the lower infarct volume and neurological 

score. In addition, UA prevents the exaggerated angiogenic response observed after 

stroke in the MCA from SHR rats and protects BBB function. Mechanistically, the UA 

beneficial actions were associated with modulation of VEGF-A levels and KLF2 

expression, a signalling pathway that is strongly disrupted after hypertensive stroke. 

Together, these findings demonstrate that brain endothelial cell dysfunctions after 

stroke are a target of UA neuroprotective therapy, and suggest that UA-mediated 

modulation of the KLF2-VEGF-A axis contributes to this neuroprotection. 

 

In humans, serum levels of VEGF increase in acute ischaemic stroke in association 

with infarction volume and clinical disability [56,57]. Our results show a similar increase 

in SHR, but not in WKY, rats after transient MCA occlusion. The clinical significance of 

acute rises in plasma VEGF levels is under debate, and can either predict good clinical 

prognosis [57] or can be positively associated with neurological severity in 
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cardioembolic infarction patients [58]. In the present study, UA neuroprotective 

treatment normalised the increased circulating VEGF-A levels in the ischaemic stroke 

model of mechanical thrombectomy in SHR rats, and reduced VEGF-A levels in 

hypertensive acute ischaemic stroke patients from the URICO-ICTUS trial [26]. In 

contrast, this VEGF-A reducing effect was not observed neither in ischaemic WKY rats 

nor in normotensive acute ischaemic stroke patients. Therefore, our study suggests 

that VEGF-A downregulation during the acute phase of ischaemic stroke is linked to 

neuroprotection only among hypertensives.  

 

Modulation of stroke-responsive cerebral transcription factor expression is a promising 

tool for the treatment of ischaemic stroke [59,60]. Among them, KLF2 is a transcription 

factor that modulates VEGF-A signalling exhibiting a complex activity depending on 

the context. Previous evidence indicates that KLF2 counteracts angiogenic VEGF-A 

activity either through inhibition of VEGFR2 expression [54] or by directly binding to 

the VEGF-A promoter region [32]. Furthermore, KLF2 inhibits angiogenesis by other 

signalling pathways such as inhibition of hypoxia-inducible factor-1 [61]. Interestingly, 

a previous study showed that UA reduces angiogenesis of cultured endothelial cells 

via KLF2-induced negative regulation of VEGF-A expression [32]. In the present work, 

we show that UA strongly increases gene expression for KLF2 in cerebral vessels from 

SHR, but not in WKY, rats after 24 h of reperfusion, an effect that is not coupled by 

changes in VEGF-A or VEGFR2 gene expression. Thus, our results cannot establish 

the exact mechanism by which UA-mediated increases in KLF2 expression may affect 

the VEGF-A signalling pathway, and therefore further studies would be necessary. 

Notably, to gain further insight into potential physiological relevance of UA 

neuroprotective effects and the role of the KLF2-VEGF-A pathway, we next studied the 
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ex vivo progression of post-stroke MCA angiogenic sprouting. The results show that 

neovessel formation within a few days (i.e. from day 4 to 7) after seeding is enhanced 

in MCA from SHR compared to WKY rats after ischaemia/reperfusion. This 

hypertension-related effect was followed by a late stage (14 days) vessel pruning. 

These results mirrored those from Yang et al [62] that observed an increased rate of 

early (3 and 5 days post stimulation) angiogenesis followed by late (10 and 25 days 

post stimulation) vessel pruning in mesenteric microvascular networks from SHR 

compared to WKY rats.  

 

Angiogenesis is important to enhance oxygen and nutrient supply to the ischaemic 

brain tissue [63]. However, new vessels that proliferate within a few days after a stroke 

[64] may be dysfunctional [65] due to the presence of a modified environment during 

the acute phase after the ischaemic insult. We suggest that increased levels of VEGF-

A early after hypertensive strokes might contribute to promote microvascular 

dysfunction, an effect that may hamper recovery. In the present study, data collected 

from either in vitro or in vivo UA exposure revealed that this drug, at 

concentrations/doses relevant in stroke therapy, prevents the augmented neovessel 

formation in MCA from ischaemic SHR rats. In addition, UA diminished the 

exaggerated MCA angiogenic growth observed in WKY rats after shortening the 

duration of reperfusion to 30 min. Furthermore, we demonstrate that UA effects on 

angiogenesis were mediated via KLF2, since either activation or inhibition of this 

transcription factor emulated or prevented, respectively, the antiangiogenic actions of 

UA. Nonetheless, we cannot discard that the protective effect of UA on brain infarction 

might indirectly contribute to its antiangiogenic effects. Noteworthy, the KLF2 activators 

used in the present study (i.e. simvastatin and SAHA) reduce brain damage in several 
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experimental models of stroke [[66], [67], [68]], which in combination with the present 

findings suggests that effective neuroprotective strategies in stroke might converge 

into the activation of the KLF2 pathway.    

 

BBB breakdown worsens ischaemic brain damage and KLF2 overexpression reduces 

the size of the lesion and improves BBB function in a normotensive mouse model of 

acute ischaemic stroke [41]. Although some evidence suggests that hypoxia transiently 

upregulates KLF2 expression in human umbilical vein endothelial cells [69,70], re-

oxygenation following hypoxia reduces KLF2 expression in primary human brain 

microvascular endothelial cells [70] and in endothelial hCMEC/D3 cells of our study; 

an effect that can contribute to the observed BBB permeability increase. UA treatment 

attenuated Evans blue leakage to the brain tissue in WKY and SHR rats after transient 

ischaemia and decreased the permeability of endothelial hCMEC/D3 cells exposed to 

hypoxia/re-oxygenation; the latter effect was paralleled by amelioration of KLF2 

expression confirming the results obtained in cerebral arteries. Furthermore, the BBB-

protective effects of KLF2 have been linked to overexpression of the endothelial cell 

tight junction factor occludin [[41], [55], [71]]. Although we did not observe alterations 

in occludin or in other tight and adherens junction protein expression, we could not 

exclude potential changes on their cellular distribution. In addition, other processes 

regardless of tight and adherens junction expression/distribution might be involved in 

BBB opening. Thus, enhanced transendothelial trafficking [72,73], opening of 

endothelial connexin-43 hemichannels [74] and endothelial cell degeneration [72,75] 

have also been involved in BBB breakdown. Notably, KLF2 inhibition did not prevent 

the reduction of permeability induced by UA, suggesting that other mechanisms could 

also participate in the beneficial actions of this drug on BBB permeability.  
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In conclusion, the present study demonstrates that UA treatment after acute ischaemic 

stroke modulates the KLF2-VEGF-A axis and attenuates brain endothelial cell 

dysfunctions leading to neuroprotection. These findings extend the neuroprotective 

actions of uric acid [[18], [19], [20], [21], [22], [23], [24], [25]] towards a multifaceted 

mechanism targeting ischaemic stroke damage. While the present work includes the 

most frequent stroke comorbidity in humans, namely essential hypertension, to better 

model the human stroke population the results should be confirmed in animals with 

other stroke comorbidities, in females, and in old animals. In addition, the effects of 

stroke, hypertension and UA treatment on angiogenic growth should be confirmed by 

measuring endogenous brain angiogenesis. Based on the present findings, we 

suggest that activation of the KLF2 pathway is a promising target in acute ischaemic 

stroke therapy. 
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Figure Legends 

 

Fig. 1. Effect of uric acid on brain damage after cerebral ischaemia (90 

min)/reperfusion (24 h) (I/R) in WKY and SHR rats. (A) WKY and SHR rats were treated 

(i.v.) with uric acid (16 mg/kg) or vehicle (Locke’s buffer) at 120 min after ischaemia 

(i.e. 30 min after reperfusion onset). After 24 h of reperfusion, rats were euthanized, 

the brain was removed and infarct volume was assessed in 2-mm-thick coronal 

sections stained with 2,3,5-triphenyltetrazolium chloride (TTC). MCAo, middle cerebral 

artery occlusion. (B) and (C) Representative images of TTC-stained coronal brain 

sections and analysis of total, cortical and subcortical infarct volumes in WKY and SHR 

rats, respectively. (D) Analysis of neurological score in WKY and SHR rats. Results 

are mean ± SEM from WKY (vehicle: n = 6; uric acid: n = 6) and SHR (vehicle: n = 6; 

uric acid: n = 6) rats. #P < 0.05, ##P < 0.01 vs. WKY I/R + vehicle; **P < 0.01 vs. vehicle 

by Mann-Whitney. 

 

Fig. 2. Effect of uric acid on in vivo BBB integrity. (A) WKY and SHR rats were 

subjected to ischaemia (90 min)/reperfusion (24 h) (I/R) and treated (i.v.) with uric acid 

(16 mg/kg) or vehicle (Locke’s buffer). Animals received (i.v.) Evans blue (2% in saline; 

80 mg/kg of body weight) at 22 h of reperfusion, and two hours later, the animals were 

perfused through the heart with saline. MCAo, middle cerebral artery occlusion. (B) 

Representative images of coronal brain sections showing Evans blue extravasation 

and analysis (bottom) of Evans blue volume in WKY and SHR rats. Results are mean 

± SEM from WKY (vehicle: n = 5; uric acid: n = 4) and SHR (vehicle: n = 7; uric acid: n 

= 4) rats. ##P < 0.01 vs. WKY I/R + vehicle; *P < 0.05 vs. vehicle by Mann-Whitney.  
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Fig. 3. Influence of hypertension and uric acid treatment on the MCA angiogenic 

response after cerebral ischaemia (90 min)/reperfusion (24 h) (I/R).  (A) WKY and SHR 

rats were treated (i.v.) with uric acid (16 mg/kg) or vehicle (Locke’s buffer) at 120 min 

after ischaemia (i.e. 30 min after reperfusion onset). After 24 h of reperfusion, rats were 

euthanized and the ipsilateral (ischaemic) MCA was dissected and cultured in Matrigel 

for the analysis of angiogenic growth at day 4, 5, 6, 7, 10 and 14 after seeding. MCAo, 

middle cerebral artery occlusion. (B) Representative images of neovessel sprouting at 

day 5 in ipsilateral MCA from sham and ischaemic WKY and SHR rats. Red dotted 

lines represent the length of the longest vessel sprouting from the outer surface of the 

MCA (starting point). (C) Analysis of neovessel growth progression in ipsilateral MCA 

from vehicle-treated sham and ischaemic WKY and SHR rats. (D) and (E) Comparison 

of neovessel growth progression in ipsilateral MCA from uric acid- and vehicle-treated 

ischaemic WKY and SHR rats, respectively. NS, not significant. Results are mean ± 

SEM from WKY (sham + vehicle: n = 5; I/R + vehicle: n = 6; I/R + uric acid: n = 6) and 

SHR (sham + vehicle: n = 6; I/R + vehicle: n = 6; I/R + uric acid: n = 6) rats. ++P < 0.01 

SHR I/R + vehicle vs. SHR sham + vehicle; #P < 0.05 SHR I/R + vehicle vs. WKY I/R 

+ vehicle; *P < 0.05 SHR I/R + vehicle vs. SHR I/R + uric acid by two-way ANOVA. 

 

Fig. 4. Influence of hypertension and uric acid treatment on circulating VEGF-A levels 

after ischaemic stroke. (A) Plasma levels of VEGF-A in WKY and SHR rats subjected 

to cerebral ischaemia (90 min)/reperfusion (24 h) (I/R) and treated (i.v.) with uric acid 

(16 mg/kg) or vehicle (Locke’s buffer) at 120 min after ischaemia (i.e. 30 min after 

reperfusion onset). VEGF-A levels in vehicle-treated sham-operated WKY and SHR 

rats are also shown. Results are mean ± SEM from WKY (sham: n = 13; vehicle: n = 

11; uric acid: n = 11) and SHR (sham: n = 17; vehicle: n = 11; uric acid: n = 11) rats. 
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+P < 0.05 vs. sham + vehicle by Kruskal-Wallis. (B) Serum VEGF-A levels in 

normotensive and hypertensive acute ischaemic stroke patients before (T0) and 6 to 

12 h after (T1) treatment with placebo or uric acid (UA). Box-whisker plots (box, 25% 

to 75% interquartile range [IQR]; central horizontal bar, median; outer horizontal bars, 

10% to 90% IQR) represent the concentration values from normotensive (placebo: n = 

7; UA: n = 13) and hypertensive (placebo: n = 22; UA: n = 14) patients. *P < 0.05 UA 

vs. placebo by Mann-Whitney. 

 

Fig. 5. Influence of hypertension and uric acid treatment on mRNA levels of VEGF-A, 

VEGFR2, and KLF2 in cerebral arteries from WKY and SHR rats subjected to cerebral 

ischaemia (90 min)/reperfusion (24 h) (I/R). mRNA levels are expressed as 2−ΔΔCt using 

GAPDH and 18S as internal controls. Results are mean ± SEM from WKY (n = 2-6 per 

group) and SHR (n = 3-6 per group) rats. *P < 0.05 vs. I/R + vehicle by Kruskal-Wallis 

test.  

 

Fig. 6. Effect of uric acid on in vitro BBB integrity. (A) Human cerebral microvascular 

endothelial hCMEC/D3 cells were seeded onto transwell inserts and allowed to grow 

for 4 days before applying the treatments. Cells were subjected to 16 h of oxygen and 

glucose deprivation (OGD) followed by 24 h of re-oxygenation in the presence of uric 

acid (10-1000 µM) or UA (50 µM) + XMD8-92 (1-30 µM), and the permeability was 

assessed by measuring fluorescein isothiocyanate dextran passage. (B) Effect of OGD 

+ re-oxygenation and uric acid (10-1000 µM) incubation on permeability to dextran in 

endothelial hCMEC/D3 cells. Results are mean ± SEM from n = 6 independent 

experiments. +++P < 0.001, +P < 0.05 vs. non-treated cells in normoxia; *P < 0.05, **P 

< 0.01 vs. non-treated cells under OGD + re-oxygenation by one-way ANOVA. (C) 
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Protein expression of tight and adherens junction proteins occludin (60 kDa), zonula 

occludens-1 (ZO-1; 250 kDa) and claudin-5 (20 kDa); and adherens junction protein 

VE-cadherin (130 kDa). Beta-actin (42 KDa) was used as loading control. Bar graphs 

(bottom) show the results of densitometric analyses from pooled data normalised for 

non-treated cells in normoxia average values. Results are mean ± SEM from n = 4 

independent experiments. #P < 0.05 vs. non-treated cells in normoxia by one-way 

ANOVA. (D) Western blot analysis for KLF2 (40 kDa) protein expression in endothelial 

hCMEC/D3 cells subjected to OGD + re-oxygenation. Beta-actin (42 KDa) was used 

as loading control. Bar graphs (bottom) show the results of densitometric analyses 

from pooled data normalised for non-treated cells in normoxia average values. Results 

are mean ± SEM from n = 3-4 independent experiments. +P < 0.05 vs. non-treated 

cells in normoxia by one-way ANOVA. (E) Effect of OGD + re-oxygenation and uric 

acid (50 µM) + XMD8-92 (1-30 µM) incubation on permeability to dextran in endothelial 

hCMEC/D3 cells. Results are mean ± SEM from n = 3 independent experiments. +++P 

< 0.001 vs. non-treated cells in normoxia; **P < 0.05, ***P < 0.001 vs. non-treated cells 

under OGD + re-oxygenation by one-way ANOVA. 

 

Fig. 7. Influence of exogenous uric acid incubation on the MCA angiogenic response 

after cerebral ischaemia/reperfusion (I/R). (A) WKY and SHR rats were subjected to 

cerebral I (90 min)/R (30 min) and the ipsilateral (ischaemic) MCA was dissected and 

incubated in growth medium with Matrigel in the presence (23.5 h) of vehicle (Locke’s 

buffer) and uric acid (10-30 µM). Angiogenic growth was analysed at day 4, 5, 6, 7, 10 

and 14 after seeding. MCAo, middle cerebral artery occlusion. (B) and (C) 

Representative images of neovessel sprouting at day 6 and analysis of neovessel 

growth progression (bottom) in ipsilateral MCA from ischaemic WKY and SHR rats, 
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respectively, exogenously treated with vehicle or uric acid. Red dotted lines represent 

the length of the longest vessel sprouting from the outer surface of the MCA (starting 

point). NS, not significant. Results are mean ± SEM from WKY (n = 5) and SHR (n = 

5) rats (n = 5 arteries per group). *P < 0.05 vs. I/R + uric acid 10 or 30 µM by two-way 

ANOVA.  

 

Fig. 8. Influence of KLF2 on the effects of exogenous uric acid incubation on the MCA 

angiogenic response after cerebral ischaemia/reperfusion (I/R).  WKY and SHR rats 

were subjected to cerebral I (90 min)/R (30 min) and the ipsilateral (ischaemic) MCA 

was dissected and incubated in growth medium with Matrigel in the presence (23.5 h) 

of vehicle (Locke’s buffer), uric acid (30 µM), uric acid (30 µM) + XMD8-92 (5 µM), 

DMSO, simvastatin (10 µM), or SAHA (10 µM). Angiogenic growth was analysed at 

day 4, 5, 6, 7, 10 and 14 after seeding. KLF2 immunofluorescence was studied in 

ipsilateral MCA incubated (23.5 h) in culture medium with vehicle or uric acid (30 µM). 

(A) Representative photomicrographs and quantification of KLF2 immunofluorescence 

(red) in confocal microscopic sections of ipsilateral MCA from ischaemic SHR rats. 

Natural autofluorescence of elastin (green) and nuclear staining with Hoechst (blue) 

are also shown. Arrows indicate localization of representative nuclei with increased 

KLF2 fluorescence. Results are the mean ± SEM from SHR (n = 6) rats (n = 6 arteries 

per group). P = 0.065 by Mann-Whitney. (B) and (C) Representative images of 

neovessel sprouting at day 6 in ipsilateral MCA from ischaemic SHR rats exogenously 

treated, respectively, with uric acid or uric acid + XMD8-92; and DMSO, simvastatin, 

or SAHA. Red dotted lines represent the length of the longest vessel sprouting from 

the outer surface of the MCA (starting point). NS, not significant. Results are mean ± 



43 
 

SEM from SHR (n = 7) rats (n = 6-7 arteries per group). *P < 0.05 vs. I/R + uric acid 

30 µM; +P < 0.05, ++P < 0.01 vs. I/R + DMSO by two-way ANOVA. 

 

 



 
Table 1. Percentage changes in cortical cerebral blood flow (CBF) during ischaemia (90 min) and 

reperfusion (first 15 min) with respect to basal values in rats submitted to 24 h of reperfusion.  

Results are the mean ± SEM from WKY and SHR rats. The number of animals is shown in parenthesis.  

*P < 0.05, ***P < 0.001 vs. the same group in WKY rats by Mann-Whitney test. 

 
 

                                                    WKY  SHR 

% Basal CBF 
 

Vehicle (11)  
 

 
uric acid (10) 

 

 
vehicle (13) 

 

 
uric acid (10) 

 

ischaemia 41.6 ± 4.0  39.1 ± 4.7  43.9 ± 3.1 47.1 ± 3.3  

reperfusion 89.0 ± 12.5 68.3 ± 4.0 114.1 ± 6.6* 105.9 ± 9.0*** 

     

  



 
 
Table 2. General traits of the included URICO-ICTUS population according to 

hypertension history and treatment allocation (uric acid vs. placebo). 

 

 

IQR, interquartile range; SD, standard deviation; NIHSS, National institute of Health 

Stroke Scale; *P < 0.05, placebo vs. uric acid by Mann-Whitney. 

 
No Hypertensives 

(n = 20) 

Hypertensives 

(n = 36) 

Treatment allocation 
placebo 

n = 7 

uric acid 

n = 13 

placebo 

n = 22 

uric acid 

n = 14 

Age (years), median (IQR) 81 (78-89) 76 (63-80)* 80 (74-84) 79 (64-83) 

Sex (males), % 14 31 46 64 

Smoking habit, % 0 15 5 7 

Diabetes, % 14 23 36 23 

Dyslipidemia, % 14 15 27 64* 

Atrial Fibrillation, % 29 8 18 24 

Mean Blood Pressure (mmHg), mean (SD) 98 (96-120) 100 (91-115) 108 (99-117) 99 (90-108) 

Glucose (mg/dl), median (IQR) 140 (119-178) 107 (99-116)* 126 (109-157) 115 (91-143) 

Pre-treatment NIHSS score, median (IQR) 16 (9-19) 11 (8-14) 11 (9-18) 16 (11-18) 

Mechanical thrombectomy (%) 14 46 31 50 

Cardioembolic origin (%) (vs. other) 57 46 54 71 

Treatment with statins, n (%) 4 (57) 8 (62) 13 (59) 10 (71) 



 
Table 3. Percentage changes in cortical cerebral blood flow (CBF) during ischaemia (90 min) and 

reperfusion (first 15 min) with respect to basal values in rats submitted to 30 min of reperfusion.  

 

Results are the mean ± SEM from WKY and SHR rats. The number of animals is shown in parenthesis.  

**P < 0.01 vs. WKY rats by Mann-Whitney test. 

 
 

% Basal CBF 
 

WKY (5) 
 
 

46.4 ± 6.2 
 

                      
                  SHR (12) 

 
 

46.0 ± 2.6 
 

ischaemia 

 
 

70.3 ± 2.4 
 

117.8 ± 13.3** reperfusion 
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