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Multifaceted Mechanisms of WY-14643 to Stabilize the Blood-Brain Barrier in a Model of Traumatic Brain Injury
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The blood-brain barrier (BBB) is damaged during ischemic insults such as traumatic brain injury or stroke. This contributes to vasogenic edema formation and deteriorate disease outcomes. Enormous efforts are pursued to understand underlying mechanisms of ischemic insults and develop novel therapeutic strategies. In the present study the effects of PPARα agonist WY-14643 were investigated to prevent BBB breakdown and reduce edema formation. WY-14643 inhibited barrier damage in a mouse BBB in vitro model of traumatic brain injury based on oxygen/glucose deprivation in a concentration dependent manner. This was linked to changes of the localization of tight junction proteins. Furthermore, WY-14643 altered phosphorylation of kinases ERK1/2, p38, and SAPK/JNK and was able to inhibit proteosomal activity. Moreover, addition of WY-14643 upregulated PAI-1 leading to decreased t-PA activity. Mouse in vivo experiments showed significantly decreased edema formation in a controlled cortical impact model of traumatic brain injury after WY-14643 application, which was not found in PAI-1 knockout mice. Generally, data suggested that WY-14643 induced cellular responses which were dependent as well as independent from PPARα mediated transcription. In conclusion, novel mechanisms of a PPARα agonist were elucidated to attenuate BBB breakdown during traumatic brain injury in vitro.
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INTRODUCTION

Cerebral ischemic insults represent an immense burden for national health care systems. The total European annual health care cost of traumatic brain injury (TBI) is over 33 billion € (Berg et al., 2005). The incidence of cranio-cerebral traumas in industrialized countries is 200–300 per 100,000 humans per year (Baethmann et al., 2002). It was estimated that every year 2.5 million people sustain a TBI leading to 53,000 TBI-related deaths in the United States (Frieden et al., 2014).

Traumatic brain injury mediated damages of the brain proceed in two phases. Initial direct mechanical impact such as brain contusion causes parenchymal damage, which becomes evident as tissue destruction, axonal shearing, and hemorrhage associated with increased cerebrovascular permeability and impaired cerebral blood flow (Thal and Neuhaus, 2014). Within hours to days the primary brain damage induces a set of secondary processes on the cellular, metabolic, and molecular level such as oxidative stress, inflammation, and apoptosis. These events could cause further cerebrovascular disruption and neuronal loss leading, eventually, to disability or even death (Verma, 2000; Cernak, 2005; Finnie, 2014; Logsdon et al., 2015; Su et al., 2015). Cerebral edema formation is one of the most serious and difficult to control secondary effects of TBI and one of the main factors for the high mortality and morbidity after TBI. The causes of edema in TBI patients are complex, but it is well appreciated that leakage of the blood-brain barrier (BBB) induced by cerebral ischemia or hypoxia is a significant factor in the development of vasogenic edema (Atlee, 2007; Chodobski et al., 2011; Gray, 2011).

Several therapeutic strategies for TBI have been developed in the last decades. However, numerous animal studies and clinical trials were unsuccessful, and no effective therapy for TBI patients has emerged (Grumme et al., 1995; Marmarou et al., 1999; Bramlett and Dietrich, 2004; Yurkewicz et al., 2005; Maas et al., 2006, 2010; Xiong et al., 2009; Su et al., 2015). Therefore, the therapeutic focus is still set on activities to reduce brain edema and intracranial pressure (Thal and Neuhaus, 2014).

In the development of novel therapeutic approaches it could be useful to evaluate treatment strategies for other diseases with similar events during the disease. In the case of TBI and cerebral edema, the comparison with stroke seems to be meaningful. Although the primary cause of TBI and stroke are substantially different, the secondary mechanisms of brain infarction are overlapping. In particular, excitotoxicity, inflammation, free radical damage, and BBB disruption are hallmarks of both TBI and stroke (Sashindranath et al., 2011). In case of stroke current treatments are only based on thrombolysis by, e.g., tissue plasminogen activator (t-PA) in the acute phase of stroke. Another approach to decrease the number of cerebral ischemic insults is to minimize risk factors. The most important risk for stroke is high blood pressure. In addition, high concentrations of lipids in blood have been identified as another main risk factor (Lawes et al., 2004; Amarenco and Labreuche, 2009). In recent years, it was hypothesized that low triglycerides, high HDL levels or lower LDL/HDL ratios were more protective than low concentrations of total cholesterol or LDL-bound cholesterol (Labreuche et al., 2010; Deplanque and Amarenco, 2011). Clinical studies showed that lipid-lowering compounds were able to reduce the number of fatal stroke, but not the incidence of stroke (Zhou et al., 2013). Therefore, it is believed that lipid-lowering substances such as peroxisome proliferator-activated receptor (PPAR) agonists are able to attenuate stroke damage. Some studies reported that the combination of statins with PPAR agonists show additional beneficial effects on adverse stroke outcome, especially in cases of high risk groups with, e.g., atherogenic dyslipidemia (Montaner et al., 2008; van der Most et al., 2009; Castilla-Guerra and Fernandez-Moreno Mdel, 2015).

Peroxisome proliferator-activated receptors are divided into the three subtypes α, β/δ, and γ, whereby especially PPARα activation leads to a decrease of lipids. PPARs belong to the group of orphan nuclear receptors which regulate DNA transcription after dimerization with retinoic acid-X-receptors (RXR) (Fruchart et al., 1999). Several studies revealed that PPAR agonists were not only beneficial via their lipid-lowering effects. They additionally exerted pleiotropic mechanisms modulating inflammatory, immune and oxidative pathways (Staels et al., 1998; Delerive et al., 1999; Escher and Wahli, 2000; Von Knethen and Brüne, 2001; Cunard et al., 2002a,b). Since PPARs are expressed in neurons as well as in glial and endothelial cells, PPAR agonists were not only neuroprotective, they also reduced microglial activation or BBB permeability (Ouk et al., 2009; Gautier et al., 2015). This could be of immense relevance, because clinical studies focusing only on neuroprotection were not successful in the last decades indicating that future therapeutic strategies should be extended toward additional target cells (Turner et al., 2013).

In this regard the term neurovascular unit describes the fact that the functionality of the BBB is highly regulated by its microenvironment, and that also brain capillary endothelial cells could regulate the functionality of CNS cells as well. That’s why microglial cells as well as brain endothelial cells got into the focus of recent research about novel targets. Indeed, the breakdown of the BBB contributes to vasogenic edema formation during ischemic insults and the stabilization of the BBB could reduce edema formation and brain tissue damage (Lo et al., 2001; Abbott et al., 2006; Neuwelt et al., 2008; Abbott and Friedman, 2012). Brain capillary endothelial cells are distinctly different compared to peripheral endothelial cells. Their intercellular gaps are sealed by tight junctions, the pinocytotic activity is remarkably decreased and they do not form fenestrae (Joó, 1996). In addition, they possess a significant array of active transporter proteins and exhibit an increased metabolic activity. All these features contribute to the barrier function which is generally comprised by its physical (paracellular), transporter and metabolic components (Neuhaus and Noe, 2009).

In vivo as well as in vitro studies confirmed that preventive treatment, administration during the acute phase as well as therapeutic application of PPARα agonists such as fenofibrate could decrease brain damage after cerebral ischemia (Ouk et al., 2009, 2014; Gautier et al., 2015). It was shown that treatment during the acute phase was necessary to prevent BBB breakdown and that this was dependent on the presence of PPARα, because fibrate medications were not effective in PPARα knock-out mice or in models based on brain endothelial cells derived from PPARα knock-out mice (Inoue et al., 2003; Mysiorek et al., 2009; Guo et al., 2010). With regard to TBI, therapy with fenofibrate in a TBI-rat model revealed also beneficial effects on the adverse outcomes (Besson et al., 2005; Chen et al., 2007). However, despite these efforts the underlying BBB protecting mechanisms are still not clarified.

In this regard, the choice of an appropriate in vitro model to simulate ischemia induced BBB breakdown is of pivotal importance. A huge array of in vitro models for TBI exists comprising of different scratch, strain/stretch or organotypic hippocampal slice models (Morrison et al., 1998; Thal and Neuhaus, 2014). Most models are simplified and are not capable to include or handle all relevant parts during a brain injury. To investigate the ischemic component, cells in these models are treated by hypoxia or oxygen/glucose deprivation (OGD). This could be applied alone or in combination with mechanical stress models (Thal and Neuhaus, 2014). Recently, we have analyzed the effects of stretch, OGD and the combination of stretch with OGD on brain endothelial cells as a TBI in vitro model of the BBB. Results revealed that the effects of OGD were significantly more prominent than the influence of stretch. Moreover, only OGD led to a distinct breakdown of the paracellular barrier of brain endothelial cell layers (Salvador et al., 2015). In addition, measurement of the transendothelial electrical resistance (TEER) as important tightness parameter was only applicable in the Transwell model, but not in the stretch or in the combined stretch/OGD-set-up. Based on these facts it was decided to investigate the effects of PPARα agonist WY-14643 in our recently validated in vitro BBB OGD-model (Neuhaus et al., 2014).

Our data describe for the first time underlying molecular mechanisms of PPARα agonist WY-14643 for the stabilization of the BBB under ischemic conditions. In correspondence to the literature, we show two types of effects. On the one hand we found inhibition of functional barrier breakdown determined by TEER and fluorescein permeability, alteration of tight junction protein localization and changes of enzyme activities (MAP kinases, proteasomal enzymes). These effects were not inhibited by PPARα antagonist GW6471. On the contrary, we found that WY-14643 upregulated the expression of plasminogen activator inhibitor-1 (PAI-1) in brain endothelial cells for the first time. This was blocked by PPARα antagonist GW6471 and led to decreased t-PA activity. Mouse experiments confirmed beneficial effects of WY-14643 in a TBI model. Data supported that WY-14643 acted via pathways which either were or were not inhibited by PPARα antagonist GW6471. This opens the discussion about probably involved cellular processes which require the presence of PPARα, but not its direct transcriptional activity.

MATERIALS AND METHODS

Material

Collagen IV from human placenta (C5533), PBS (D8537), Triton-X 100 (T8787), DMEM (D5796), DAPI (D8417), β-mercapto-ethanol (M6250), fluorescein sodium (F6377), N-Succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin (S6510), Boc-Leu-Ser-Thr-Arg-7-amido-4-methylcoumarin (B4636), Z-Leu-Leu-Glu-7-amido-4-methylcoumarin (C0483), MG132 (C2211, Z-Leu-Leu-Leu-al), Lactacystin (L6785), WY-14643 (C7081), GW6471 (G5045), rhPAI-1 (A8111), albumin from bovine serum for immunofluorescence microscopy (fraction V, A9647) and for western blotting (A7906) were purchased from Sigma–Aldrich. DMEM without glucose (11966-025, Gibco®) was obtained from Life technologies (USA). FCS Gold EU approved was bought from PAA Laboratories (A15151, Lot A15111-2018, Linz, Austria) and was heat-inactivated in a water-bath at 56°C for 30 min. Penicillin/streptomycin (100X, 10,000 Units/mL, 10,000 μg/mL, A2213) and 0.05% Tyrpsin/0.02% EDTA-solution (L2143) were from BioChrom AG (Berlin, Germany). 6-well and 24-well plates and 24-well Transwell® inserts (0.4 μm pore size, PET) were obtained from Becton and Dickinson (REF353046, REF353035, REF353226, USA). Gelatine was from SERVA (22151, Heidelberg, Germany), nuclease-free water was purchased from Ambion (AM9937, USA). All other substances were of analytical grade.

Cell Culture

Mouse brain endothelial cell line cerebEND was cultured in DMEM medium supplemented with 10% FCS and 1% penicillin/streptomycin in 0.5% gelatine coated cell culture tissue flasks, rat glioma cell line C6 (ATCC) was grown with the same culture medium also in 0.5% gelatine coated tissue flasks (Silwedel and Förster, 2006). Cells were maintained in an incubator at 37°C, 95% humidity and a 5% CO2/95% air atmosphere and subcultivated 1:3 or 1:20, respectively, once a week (Neuhaus et al., 2012a). Transwell experiments were accomplished as recently reported (Neuhaus et al., 2014). In brief, cerebENDs were cultivated on collagen-IV coated 24-well inserts, on day 9 inserts with cerebENDs were placed over C6 cell containing well-plates to form the co-culture set-up. OGD experiments were conducted on day 13. After washing steps cells were subjected to serum-free DMEM with or without glucose supplemented with the substances. All solutions had the same end-concentrations of solvents. TEER was measured using chopstick electrodes from Millipore after 30 min of equilibration at RT as previously published (Neuhaus et al., 2006, 2014). After 4 h OGD treatment (1% O2) TEER was determined followed by a transport study with 10 μM fluorescein. TEER [Ohm × cm2] and permeability coefficients Pe including blank insert values were calculated according the clearance principle as previously reported (Neuhaus et al., 2008; Novakova et al., 2014). Due to comparison reasons, TEER values of normoxic mono-cultured cerebEND controls and permeability coefficients of OGD-treated co-cultures (OC6) were set to 100%.

Quantitative Polymerase Chain Reaction (qPCR)

For quantitative polymerase chain reaction (qPCR) experiments cerebEND and C6 cells were cultivated on 6-well plates. NC6 is the abbreviation for normoxia-treated cerebEND cells with the supernatant of normoxic treated C6 cells, OC6 means OGD-treated cerebEND cells with the supernatant of OGD-treated C6 cells. In these cases C6 cells were incubated for 4 h normoxia or OGD to obtain their supernatants which were directly applied on PBS washed cerebEND cell layers to guarentee fresh soluble factors of C6 cells for further 4 h incubation. RNA isolation, cDNA transcription and qPCR were accomplished as recently published (Neuhaus et al., 2014). Used FAM-labeled probes from Taqman® (Applied Biosystems) were listed in Supplementary Table S1. In case of PPARα and LRP1, cDNA was preamplified using Taqman PreAmp Master mix (2x) prior qPCR analysis according to Neuhaus et al. (2012a, Supplementary Part). Each sample was analyzed as triplicate. Relative mRNA abundances to β-actin were calculated by the ddCt method using following formula: 2(Ct of β-actin–Ct of gene of interest), where Ct is the threshold cycle value.

Western Blotting

Western blotting was conducted as recently published (Neuhaus et al., 2014). In brief, cells were scraped after the treatments in RIPA buffer on ice. In case of membran protein enrichment, proteins were extracted with 1% Triton-X 100 followed by lysis of the residual proteins in RIPA buffer. All lysis buffers were supplemented with protease inhibitor cocktail and PhosphoSTOP. Protein concentrations were measured by a detergent-compatible Pierce BCA assay (Fisher Scientific). Twenty microgram protein of total lysates or 10 μg of Triton-X 100 and RIPA fractions per lane were loaded onto 7.5, 10, or 12% SDS–PAGE gels. After gel electrophoresis proteins were immunoblotted onto polyvinylidene difluoride membranes. Incubations with primary and secondary antibodies (Supplementary Table S2) were carried out as previously described (Neuhaus et al., 2012b). ECL-solutions were used for the visualization of the bands using a FluorChem FC2 Multiimager II (Alpha Innotech, Hessisch Oldendorf, Germany). Density values of single protein bands were calculated with the software Alpha View and were related to the corresponding β-actin bands.

Proteasomal Activity

Proteasomal activities were measured according to Huang et al. (2009) with slight modifications. Stock solutions of proteasomal enzyme substrates N-succinyl-Leu- Leu-Val-Tyr-7-amido-4-methylcoumarin (5mM, chymotrypsin-like), Boc-Leu-Ser-Thr-Arg-7-amido-4-methylcoumarin (5mM, trypsin-like), Z-Leu- Leu-Glu-7-amido-4-methylcoumarin [5mM, peptidylglutamyl-peptide hydrolyzing activity (PGPH)] as well as proteasomal inhibitors lactacystin (5mM) and MG132 (50mM) were prepared in DMSO. cerebEND and C6 cells were seeded on gelatin coated 6-wells, cultivated for 6 days and subjected to normoxia or OGD treatments as recently published (Neuhaus et al., 2014). After the treatments cells were washed with ice-cold PBS twice and lysed with 300 μL proteasome activity buffer [PAB; 10 mM Tris-HCl (pH = 7.8), 1 mM EDTA, 0.5 mM dithiothreitol, 0.5% Triton X-100, 5 mM MgCl2] per 6-well on ice with moderate shaking (52 rpm) for 30 min. While supernatants were stored on ice, protein concentrations were determined by BCA protein assay kit from Pierce (Cat. No. 23227) using 25 μL sample per 96-well. Then, volume for 50 μg protein per sample was supplemented with according volumes of WY-14643 and GW6471 stock solutions in DMSO and filled up with PAB to 196 μL per well to reach a total DMSO concentration of 0.4% in all samples. Four microliter enzyme substrate stock solution per well were added on ice, and the reaction started by putting the black 96-well plate in a prewarmed microplate reader (GeniosPro, Tecan, Austria) at 37°C. Fluorescence increase was recorded at 360 nm/460 nm every 10 min for 2 h. Control blank values were substracted from cell lysate values and slopes between 10 and 120 min were calculated after linear regression analysis. Finally, slopes of control lysates set to 100%. Each sample was measured as duplicate from three independent conducted experiments.

MMP and t-PA Activity

Enzymatic activity of matrix metalloproteinases (MMP) or of t-PA of concentrated medium supernatants were measured by using 520 MMP FRET substrate SB-14 (Anaspec, USA) or component A of Sensolyte AMC t-PA activity assay kit (72160, Anaspec, USA) as recently described (Neuhaus et al., 2014). Increasing fluorescence was recorded over 120 min at 37°C in a microplate reader (GeniosPro, Tecan, Austria). Data between 10 and 120 min were used to calculate the slope by linear regression analysis. Slopes of media supernatants of OC6-treated cerebEND cells were set to 100%.

Animals

All animal procedures were conducted in compliance with the institutional guidelines of the Johannes Gutenberg-University, Mainz, Germany and approved by the State Agency for Consumer and Health Protection (approval number: G12-1-041), and performed in accordance with the German Animal Welfare Act. The group sizes of the study were calculated prior to approval with the analysis of variance sample size. 16.2 ± 7.7 weeks old 48 male C57Bl6/N mice (Charles River Laboratories, Sulzfeld, Germany; 26.4 ± 8.3 g) and 26 weeks old 20 PA-1 deficient mice (B6.129S2-Serpine1tm1Mlg/J) with 26–32 g weight, purchased from Jackson Laboratories (Bar Harbor, ME, US), were included in the study. The compliance with the ARRIVE guidelines is confirmed. Animals were held in scantainer ventilated cabinets with exercise wheels and plastic houses at the animal facility of the Department of Experimental Surgery. The animals were exposed to a 12-h dark/light interval and ingested H2O and feed ad libitum.

Traumatic Brain Injury

Animals were anesthetized with 5 mg/kg midazolam (Siegfried Hameln, Hameln, Germany), 0.05 mg/kg fentanyl (Merck, Darmstadt, Germany), and 0.5 mg/kg medetomidine (Zoetis, Kirkland, QC, Canada) intraperitoneally. Rectal temperature was maintained at 37°C with a thermostatically regulated, feedback-controlled heating pad (Hugo Sachs, March-Hugstetten, Germany). The TBI was induced as described before (Thal et al., 2008). The cranium was fixed in a stereotactical frame, a craniotomy was generated between lambdoid, sagittal and coronal sutures with a saline cooled high speed drill. The trauma was induced with an electromagnetic cortical impact device (Impact OneTM Stereotaxic Impactor, Richmond, IL, USA) diameter of the impactor tip: 3 mm; impact velocity: 6 m/sec; impact duration: 200 msec, and displacement: 1.5 mm. The craniotomy was closed with the initially removed bone flap using conventional tissue glue (Histoacryl, Braun-Melsungen, Germany). The skin was carefully closed with four single button sutures, anaesthesia antagonized (0.5 mg/kg Flumazenil, Siegfried Hameln, Hameln, Germany, and 2.5 mg/kg Atipamezole hydrochloride, Pfizer, Freiburg, Germany, i.p.) and the animals were transferred back into their cages. The animals were placed for 1.5 h in a neonatal incubator (IC8000, Draeger, Luebeck, Germany) with controlled air temperature (35°C) and ambient humidity (35%) to maintain constant body temperature and avoid hypothermia. The experimenter performing the CCI surgery was blinded to the treatment. A separate experimenter, also blinded to treatment, performed tissue preparations.

Drug Preparation

WY-14643 (Tocris Bioscience, Bristol, UK) was dissolved in DMSO, warmed in 37°C water-bath and diluted in 0.9% NaCl solution to 10% DMSO end-concentration. GW6471 (Tocris Bioscience, Bristol, UK) was also dissolved in 10% DMSO with 0.9% NaCl solution. As vehicle control 10% DMSO in 0.9% NaCl solution was administered i.p.. WY-14643 or vehicle was administered 30 min before CCI. In experiments with both substances GW6471 or vehicle was administered 60 min before CCI and WY-14643 or vehicle 30 min before CCI. The experimentator was blinded to treatment.

Euthanasia and Tissue Preparation

The animals were reanaesthetized as described and killed by cervical dislocation. For the quantification of brain water content and further investigations the cerebellum was separated and the hemispheres were cut along the interhemispheric plane slightly modified as described before (Timaru-Kast et al., 2012). Both hemispheres were separated again in the middle of the contusion area and weighed to assess their wet weight. One half of each hemisphere was dried in a vacuum-centrifuge (Univapo 100 H, UniEquip, Planegg, Germany) for 48 h at 39°C to determine the dry weight. On the basis of the gravimetrical differences, brain water content was obtained by the following calculation: Hemispheric water content (%): (WW - DW)/WW × 100, where WW is the wet weight (g) and DW is the dry weight (g) of the brain hemispheres (Thal et al., 2009). The other half of the hemispheres were frozen in liquid nitrogen and stored at -80°C for tissue analysis.

Statistical Analyses

Statistical tests were performed using SigmaPlot 12.5 including SigmaStat tools applying One-Way ANOVA multiple comparison versus control with Holm–Sidak method. Data sets showing either no normal distribution or equality of variances were analyzed using Kruskal–Wallis One-Way ANOVA Rank Test followed by an all pairwise multiple comparison procedure with Dunn’s Method. Results are given as mean ± standard deviation (SD), or if indicated, as standard error of mean (SEM). The level of statistical significance was set at p < 0.05, indicated with asterisk (∗).

RESULTS

WY-14643 Inhibits Barrier Breakdown during OGD

At the beginning of the experiments TEER values were about 27.6 ± 2.1 Ω × cm2 (raw data differences of ∼80 Ωs between empty inserts and inserts with cells). After 4 h of OGD treatment TEER was decreased to 56 ± 4% (mean ± SEM, n = 36, p < 0.05), which was abolished by addition of PPARα agonist WY-14643 to 63 ± 7% (30 μM, n = 6, n.s.), 90 ± 10% (100 μM, n = 6, p < 0.05), and 83 ± 7% (300 μM, n = 15, p < 0.05) in a concentration dependent manner (Figure 1A). In concordance to this, permeability of paracellular marker fluorescein was increased by OGD treatment from 66.6 ± 5.8% (=2.03 ± 0.17 × 10-5 cm/s) to 100.0 ± 3.2% (mean ± SEM, n = 27, p < 0.05). Application of WY-14643 during OGD reduced fluorescein permeability to 84.6 ± 2.6% (30 μM, n = 6, n.s.), 76.7 ± 11.5% (100 μM, n = 6, n.s.), and 78.9 ± 3.6% (300 μM, n = 15, p < 0.05) (Figure 1B). Notably, addition of PPARα antagonist GW6471 did not reverse the BBB stabilizing effects of WY-14643. Therefore, it was verified whether WY-14643 activated PPARα in our model. Addition of 300 μM WY-14643 induced translocation of PPARα to the nucleus (Supplementary Figure S1). Moreover, mRNA expression of PPARα was decreased by OC6 and was further reduced by 300 μM WY-14643. The effect of WY-14643 on PPARα expression was blocked by 10 μM GW6471, whereas mRNA of PPARγ was upregulated by OC6 and not affected by addition of WY-14643 (Supplementary Table S3). These data indicated that WY-14643 induced PPARα activation in our model. In summary, WY-14643 reduced OGD-induced barrier damage significantly, but probably not by mechanisms dependent on the transcriptive activity of PPARα.
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FIGURE 1. Attenuation of barrier breakdown of cerebEND/C6 co-culture on Transwell inserts after 4 h oxygen/glucose deprivation (OGD) treatment by PPARα agonist WY-14463 and PPARα antagonist GW6471 – influence on transendothelial electrical resistance (TEER) (A) or fluorescein permeability (B). Statistical significance was labeled with ∗ vs. NC6 and # vs. OC6 (p < 0.05). Data are presented as means ± SD (n = 6–36).



Effects of WY-14643 on Tight Junction Proteins after OGD

Barrier functionality is linked to the expression and localization of tight junction proteins (Witt et al., 2003; Jiao et al., 2011). In order to investigate effects of WY-14643 on tight junction proteins, mRNA levels were measured by qPCR, and protein expression and distribution was determined by western blotting. As recently shown, 4 h of OC6-treatment decreased mRNA expression of claudin-5, ZO-1, and occludin significantly (Neuhaus et al., 2014), but addition of 300 μM WY-14643 did not change mRNA expression of any of the investigated tight junction proteins (claudin-3, claudin-5, claudin-12, occludin, and ZO-1) after 4 h of OC6-treatment (data not shown).

Western blotting analysis revealed a slight, but not significant upregulation of ZO-1 protein by OC6-treatment in comparison to the normoxic control (0.77 vs. 1.00-fold, Figure 2A). Addition of 300 μM WY-14643 during OC6 significantly increased total ZO-1 protein to 1.12 ± 0.05-fold, and the addition of GW6471 did not reverse this effect. In order to test for a change in cellular localization after the treatments, cells were lysed first in triton-X 100 and residual cell components were dissolved in RIPA buffer. The fraction soluble in triton-X 100 was enriched with plasma membrane proteins, whereas the fraction insoluble in triton-X 100, so-called RIPA fraction, contained mainly cytoskeleton/cytosolic proteins allowing to investigate the movement of proteins between these two fractions. For example, a significant enrichment of plasma membrane marker Na+/K+-ATPase was shown in the triton-X 100 fraction, whereas cytoskeleton protein β-actin was mainly found in the RIPA-fraction (see Supplementary Figure S2).
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FIGURE 2. Influence of WY-14643 and PPARα antagonist GW6471 on effects of OC6 treatment on the protein expression of tight junction proteins ZO-1, occludin and claudin-5 of cerebEND cells. OC6 treatment of cerebENDs accords to 4 h OGD treatment with medium supernatants derived from 4 h OGD-treated C6 cells, whereas NC6 treatment means cerebEND cells incubated for 4 h under normoxic conditions with medium supernatants of 4 h normoxic treated C6 cells. Results for ZO-1 (A), occludin (B) and claudin-5 (C) were displayed. Densitometric analyzed protein expression of total cell lysates were compared to RIPA and triton-X 100 fractions. Moreover, protein distributions [%] between RIPA and triton-X 100 fractions were presented. Values were related to β-actin and according representative western blot images are depicted. Dotted lines indicated cuts of images of the same blot due to presentation reasons of selected bands. Statistical significance was labeled with ∗ vs. NC6 and # vs. OC6 (p < 0.05). Data are presented as means ± SEM (n = 3–8).



In case of ZO-1, the distribution between the triton-X 100 fraction and the RIPA-fraction was changed. OC6, OC6+WY-14643, and OC6+WY14-643+GW6471 stepwise reduced the amount of ZO-1 in the triton-X 100 fraction. Together with the expression data, it was shown that the amount of ZO-1 in the RIPA-fraction was significantly increased by WY-14643 during OC6 by 22% to 1.22 ± 0.06-fold, whereas the triton-X fraction remained unaffected. Addition of 10 μM GW6471 to WY-14643 during OC6 treatment did not change the effects of WY-14643 again. In case of occludin (65 kDa), its expression decreased in the RIPA-fraction from 1.49+0.11-fold (NC6) to 1.00-fold (OC6) due to the OC6-treatment. This change in expression was again prevented by addition of 300 μM WY-14643 (1.44 ± 0.14-fold). Interestingly, the effect of WY-14643 on occludin expression was reversed by PPARα antagonist GW6471 to 1.10 ± 0.20 indicating a PPARα dependency. Moreover, OC6 treatment resulted in a movement of occludin into the triton-X 100 fraction from 21.8 ± 1.5% (NC6) to 31.5 ± 1.9% (OC6), which was blocked by WY-14643 (22.8 ± 1.5%), but not reversed by GW6471 (23.8 ± 3.6%) (mean ± SEM, n = 3–6, Figure 2B). Based on these results, it could be assumed that occludin expression was PPARα dependent, but the protein distribution was PPARα independent. Protein expression of claudin-5 was not regulated either by OC6 nor by the addition of WY-14643 during OC6 treatment in comparison to the NC6 control (Figure 2C). In summary, changes of tight junction proteins by WY-14643 were only found on the protein level. The redistribution of tight junction proteins might play an important role for the observed barrier breakdown.

Effects of WY-14643 on the Phosphorylation of MAP Kinases after OGD

Tight junction protein localization is dependent on the level of intracellular calcium and is associated with their phosphorylation status (Fischer et al., 2005; Minshall and Malik, 2006; Srivastava et al., 2013). These parameters are linked to the activation of kinases which could be deduced from the protein expression ratio of phosphorylated kinase per total kinase. Therefore, effects of 300 μM WY-14643 on the phosphorylation ratio of MAP kinases – known for their role during cerebral ischemia (Ferrer et al., 2003; Yuen et al., 2014) – during OGD were investigated. The amount of phosphorylation of all four investigated kinases ERK1/2, Akt, p38, and SAPK/JNK in cerebEND cells were upregulated by 4 h of OC6 treatment (ERK1/2: from 0.28 to 1.00-fold, Akt: from 0.82 to 1.00-fold, p38: from 0.55 to 1.00-fold, and SAPK/JNK: from 0.55 to 1.00-fold), which was only for Akt not statistically significant (Figure 3). Addition of WY-14643 during OC6 treatment significantly reduced phosphorylation of ERK1/2 from 1.00 to 0.75-fold, but increased phosphorylation of p38 and SAPK/JNK to 2.33- and 1.42-fold, respectively. Addition of 10 μM GW6471 did not reverse the effects of WY-14643 on ERK1/2 or p38, it increased the phosphorylation of SAPK/JNK only in the RIPA-fraction and reduced the pAkt/Akt ratio for all fractions to 0.54-, 0.52-, and 0.55-fold. Interestingly, administration of 300 μM WY-14643 led to an increased amount of pSAPK/JNK only in the Triton-X 100 (membrane) fraction. In summary, addition of PPARα agonist WY-14643 modulated the phosphorylation grade of ERK1/2, p38 and SAPK/JNK that was only reversed in the RIPA-fraction of SAPK/JNK by PPARα antagonist GW6471.
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FIGURE 3. Influence of WY-14643 and PPARα antagonist GW6471 on effects of OC6 treatment on phosphorylation ratios of MAP kinases ERK1/2, Akt, p38, and SAPK/JNK of cerebEND cells. OC6 treatment of cerebENDs accords to 4 h OGD treatment with medium supernatants derived from 4 h OGD-treated C6 cells, whereas NC6 treatment means cerebEND cells incubated for 4 h under normoxic conditions with medium supernatants of 4 h normoxic treated C6 cells. Results for ERK1/2 (A), Akt (B), p38 (C), and SAPK/JNK (D) were displayed. Densitometric analyzed protein expression of total cell lysates were compared to RIPA and triton-X 100 fractions. Moreover, protein distributions [%] between cytoskeleton (RIPA) and membrane enriched fractions (triton-X 100) were presented. Values were related to β-actin and according representative western blot images are depicted. Dotted lines indicated cuts of images of the same blot due to presentation reasons of selected bands. Statistical significance was labeled with ∗ vs. NC6, # vs. OC6 and § vs. OC6+WY (p < 0.05). Data are presented as means ± SEM (n = 3–6).



WY-14643 Is able to Inhibit Activity of Proteasomal Enzymes

Recent work showed that blockade of the proteasome could contribute to the stabilization of the BBB during TBI as well as stroke (Kleinschnitz et al., 2011; Thal et al., 2013). Therefore, effects of WY-14643 on proteasomal activity was investigated. Interestingly, no significant changes were found in proteasomal activity when 300 μM WY-14643 were added during 4 h of OC6 treatment followed by enzyme isolation and activity measurement. Thus, in order to test whether WY-14643 inhibition of proteasomal enzymes could be reversible and was abolished by the enzyme isolation procedure, WY-14643 was added after isolation of proteasomal enzymes of cerebEND cells. This procedure led to a significant blockade of chymotrypsin-like (300 μM WY-14643: 64.6 ± 0.59%) and trypsin-like activity (300 μM WY-14643: 81.2 ± 1.8 %) by WY-14643 in a concentration dependent manner (Figure 4), whereas PGPH activity was not altered. Addition of 10 μM of PPARα antagonist GW6471 did not reverse effects by WY-14643, it even further blocked the activity of chymotrypsin-like (300 μM WY-14643+10 μM GW6471: 57.9 ± 1.7%) and trypsin-like (300 μM WY-14643+10 μM GW6471: 72.3 ± 1.1%) proteasomal activity significantly. In summary, WY-14643 could inhibit proteasomal activity that was not reversed by PPARα antagonist GW6471.
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FIGURE 4. Influence of WY-14643 on proteasomal chymotrypsin-like (A), trypsin-like (B), and peptidylglutamyl-peptide hydrolyzing activity (PGPH) (C) activity after isolation of the enzymes from cerebEND cells. Statistical significance was labeled with ∗ vs. NC6 and # vs. OC6 (p < 0.05). Data are presented as means ± SEM (n = 3–4).



WY-14643 Reduces Activity of Tissue-Plasminogen Activator (t-PA) after OGD

It is rather well established that MMPs and t-PA contribute to BBB breakdown during cerebral ischemia (Pfefferkorn and Rosenberg, 2003; Adibhatla and Hatcher, 2008). Therefore, firstly effects of WY-14643 on mRNA expression of MMP2, MMP3, and MMP9, and of their endogenous inhibitors TIMP1 and TIMP3 were investigated. Three hundred micrometer WY-14643 decreased expression of MMP3 to 0.75-fold and TIMP1 to 0.68-fold after 4 h OC6 treatment. Addition of 10 μM GW6471 did not reverse effects of WY-14643, it further significantly decreased TIMP1 expression to 0.48-fold and increased TIMP3 expression from 1.11-fold (300 μM WY-14643 during OC6) to 1.37-fold. In concordance with the concomitant decrease of MMP3 and TIMP1 WY-14643 did not reduce total MMP-activity after 4 h of OC6 treatment. This indicated a minor role of MMP-activity for the beneficial effects of WY-14643 to prevent BBB breakdown in vitro (Supplementary Table S3). Then, expression of t-PA and its endogenous inhibitor PAI-1 was analyzed. mRNA expression of t-PA was significantly upregulated from 0.22 ± 0.04 (NC6) to 1.00-fold by OC6 treatment, however, WY-14643 addition showed no effect on t-PA mRNA expression (Figure 5). Western blotting confirmed mRNA expression results. OC6 treatment significantly upregulated protein expression of t-PA on the protein level in cerebENDs from 0.74 ± 0.09 to 1.00-fold, whereas addition of WY-14643 had no effects on total protein expression. Interestingly, application of 300 μM WY-14643 resulted in a significant redistribution of t-PA toward the RIPA (cytosol/cytoskeleton) fraction which was still consistent after addition of GW6471. In case of PAI-1, 4 h of OC6 treatment did not regulate mRNA expression, but application of 300 μM WY-14643 significantly upregulated PAI-1 from 1.00-fold (OC6) to 2.15 ± 0.44-fold. This upregulation was abolished by addition of 10 μM GW6471 indicating a PPARα dependent effect. Western blotting confirmed a slight PAI-1 upregulation by WY-14643 from 1.00 to 1.17 ± 0.06-fold (n.s.), which was significantly reduced by GW6471 to 0.74 ± 0.07-fold. Interestingly, OC6 treatment revealed a substance independent redistribution of PAI-1 toward the triton-X 100 (membrane) fraction. Moreover, OC6 led to a significant protein reduction of PAI-1 in cerebEND cells from 1.84 ± 0.12-fold (NC6) to 1.00-fold (OC6) indicating a significant release into the growth medium. Therefore, t-PA activity of cell culture medium supernatants was measured after the treatments. According to expression results of t-PA and PAI-1, OC6 treatment increased t-PA activity in cell supernatants from 74.7 ± 5.9% (NC6) to 100 ± 3.9% (OC6) which was reduced by WY-14643 to 62.1 ± 8.7%. Data suggested a major role of upregulated PAI-1 for WY-14643 mediated barrier stabilization. Addition of 1 μg/mL rhPAI-1 decreased t-PA activity in supernatants to 6.9 ± 1.6%. Moreover, 1 μg/mL rhPAI-1 blocked barrier breakdown significantly. In detail, decrease of TEER by OC6 treatment was attenuated from 55.8 ± 3.6% to 77.7 ± 9.9%, and fluorescein permeability was reduced from 100.0 ± 8.8% (OC6) to 53.3 ± 3.8% by addition of 1 μg/mL rhPAI-1 in comparison to 68.8 ± 5.7% of the normoxia control NC6. In summary, data suggested that upregulation of PAI-1 and subsequent deceased t-PA activity could be one major mechanism of the blockade of BBB breakdown by PPARα agonist WY-14643.
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FIGURE 5. Influence of WY-14643 on t-PA and PAI-1 expression and activity in the blood-brain barrier (BBB) in vitro ischemia model. OC6 treatment of cerebENDs accords to 4 h OGD treatment with medium supernatants derived from 4 h OGD-treated C6 cells, whereas NC6 treatment means cerebEND cells incubated for 4 h under normoxic conditions with medium supernatants of 4 h normoxic treated C6 cells. Results on mRNA as well as protein expression of t-PA (A) and PAI-1 (B) of cerebEND cells after OC6 treatment were displayed. Effects of WY-14643 on t-PA activity and of rhPAI-1 on barrier functionality were shown in (C). Densitometric analyzed protein expression of total cell lysates were compared to RIPA and triton-X 100 fractions. Protein distributions [%] between cytoskeleton (RIPA) and membrane enriched fractions (triton-X 100) were presented. Values were related to β-actin and according representative western blot images are depicted. Dotted lines indicated cuts of images of the same blot due to presentation reasons of selected bands. Statistical significance was labeled with ∗ vs. NC6, # vs. OC6 and § vs. OC6+WY (p < 0.05). Data are presented as means ± SEM (mRNA: n = 4–8, protein expression: n = 3–6, t-PA activity: n = 8–10, and barrier functionality: n = 12–36).



WY-14643 Reduces Brain Edema Formation after Traumatic Brain Injury

In order to test the in vivo relevance of the found BBB stabilizing properties of WY-14643 during OGD, effects of addition of WY-14643 were investigated in a controlled cortical impact mouse model of TBI. This model comprises a significant cerebral ischemic component. Brain edema formation was measured as a major indicator of TBI after 24 h of the impact. The injury significantly increased brain water content in the vehicle control group about 4.61 ± 0.54% (mean ± SEM, n = 12, from 78.74 ± 0.62% in the contralateral hemisphere to 83.35 ± 0.26% in the ipsilateral hemisphere, Figure 6A). Administration of 60 mg/kg body weight of WY-14643 reduced the increased water amount significantly to 3.06 ± 0.25% (contralateral: 78.34 ± 0.34%, ipsilateral: 81.40 ± 0.45%, mean ± SEM, n = 12). Similar to BBB functionality in vitro data, combined treatment of 60 mg/kg body weight WY-14643 with 30 mg/kg body weight GW6471 did not reverse sole effects of WY-14643 in a significant manner. In this group, difference of water content between ipsilateral (82.36 ± 0.37%, mean ± SEM, n = 6) and contralateral hemisphere (79.04 ± 0.16%, mean ± SEM, n = 6) after TBI was 3.32 ± 0.36%. In order to verify the in vivo role of upregulated PAI-1 by WY-14643 found in the BBB in vitro model, effects of WY-14643 on edema formation in the same mouse TBI model using PAI-1 knockout (PAI-1-/-) mice were investigated. Addition of 60 mg/kg body weight WY-14643 decreased the increase of brain water content from 5.27 ± 0.59% (mean ± SEM, n = 7, ipsilateral: 80.08 ± 0.44%, contralateral: 74.81 ± 0.93%) to 4.52 ± 0.95% (mean ± SEM, n = 6, ipsilateral: 79.08 ± 0.92%, contralateral: 74.56 ± 1.26%, Figure 6B) in a non-significant manner and addition of GW6471 showed also no effect. In summary, these data revealed that WY-14643 was able to decrease edema formation in a TBI model which was not only PPARα dependent. Moreover, animal experiments with PAI-1-/- mice supported the hypothesis about participation of PAI-1 in WY-14643 mediated effects. These in vivo data were in concordance with in vitro BBB results suggesting contribution of PPARα independent mechanisms as well as PPARα dependent PAI-1 regulation to multifaceted effects of WY-14643 during cerebral ischemia.
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FIGURE 6. Influence of WY-14643 on brain water content [%] 24 h after controlled cortical impact in a mouse traumatic brain injury model. 60 mg/kg body weight of WY-14643 reduced the increase of brain water content in the ipsilateral brain hemisphere of wild type C57Bl/6 mice significantly. Addition of PPARα antagonist GW6471 did not reverse the beneficial effects of WY-14643 (A). Administration of 60 mg/kg body weight WY-14643 did not decrease brain water content of PAI-1 knockout mice (PAI-1-/-) after TBI. (B). Statistical significance was labeled with ∗ (p < 0.05). Data are presented as means ± SEM (wild type: n = 6–12; PAI-1-/-: n = 6–7).



DISCUSSION

In seventy percent of brain trauma cases the neurovascular unit is compromised and the extent of neurovascular permeability correlates with that of cortical dysfunction (Tomkins et al., 2011). Moreover, the disruption of the neurovascular unit is linked to several long-term consequences of TBI such as Alzheimer’s disease and post-traumatic epilepsy (Shlosberg et al., 2010; Sashindranath et al., 2012). Cerebral ischemia or hypoxia during TBI induces leakage of the BBB which subsequently contributes to the development of cerebral edema. The formation of cerebral edema is one of the main factors for the high mortality and morbidity after TBI. Therefore, the preservation of the functionality of the neurovascular unit after TBI seems to be a promising strategy to significantly improve the clinical outcome.

In this context, PPARs have been considered as new pharmacological targets in cerebral ischemic insults (Bordet et al., 2006). Treatments with either fenofibrate, WY-14643 or glitazones reduced adverse outcomes (Escher and Wahli, 2000; Gautier et al., 2015). For example, administration of fenofibrate after TBI led to improved neurological scores, reduced cerebral edema, lesion volume and ICAM-1 expression in a rat model. In the same animal model fenofibrate acted also in an antiinflammatory and antioxidative manner (Besson et al., 2005; Chen et al., 2007). Similar effects have been found in stroke models. PPARα agonists enhanced vascular function and were neuroprotective by modulating inflammatory, immune and oxidative pathways. They decreased cerebral infarct volume, microglial activation, neutrophil infiltration and improved synaptogenesis, neurogenesis, neurorepair, motor function (short-term effect), cognitive post-stroke consequences and angiogenesis. Antioxidative and antiinflammatory properties of PPARα agonists were shown by increased superoxid-dismutase and decreased NFkb and AP-1 activity. Effects of PPARα agonists on the brain endothelium confirmed that the BBB significantly contributes to the disease progression. For example, PPARα agonists improved acetylcholine induced vascular relaxation by nitric oxide and enhanced cerebral blood flow in the ischemic penumbra, but also decreased superoxide generation and inhibited the upregulation of adhesion molecules ICAM-1 and VCAM-1 (Staels et al., 1998; Delerive et al., 1999; Escher and Wahli, 2000; Von Knethen and Brüne, 2001; Cunard et al., 2002a,b; Deplanque et al., 2003; Bordet et al., 2006; Ouk et al., 2009, 2014; Guo et al., 2010). Moreover, experiments with Apo-E deficient mice proved that fenofibrate could also act in a lipid/glucose metabolism independent manner, since the infarct size was still reduced by the PPARα agonist after these mice developed hyperglycemia (Deplanque et al., 2003). In addition, PPARα agonists induced protective effects against ischemia/reperfusion damage in peripheral organs including heart, kidney, and intestine (Sivarajah et al., 2002; Wayman et al., 2002; Yue et al., 2003; Cuzzocrea et al., 2004).

However, although previous studies showed that the brain endothelium and its permeability was affected by PPARα treatments during cerebral ischemic insults, detailed information about underlying mechanisms are still missing. Mysiorek et al. (2009) reported that fenofibrate was able to block BBB breakdown in an in vitro OGD model in a PPARα dependent manner, because brain endothelial cells isolated from PPARα knockout mice were not susceptible for that treatment. They further showed that fenofibrate acted directly on brain endothelial cells, but they have not found any PPARα target to explain the observed effects (Mysiorek et al., 2009). Therefore, the aim of the present study was to find ischemia relevant mechanisms modulated by PPARα agonists that could cause the protection of the BBB. For our studies, it was decided to use PPARα agonist WY-14643. In a previous study WY-14643 decreased the infarct volume in a MCAO model of permanent focal cerebral ischemia which was not found in PPARα knockout mice (Inoue et al., 2003). Moreover, WY-14643 reduced tissue damage after ischemia/reperfusion in liver, heart, and gut, but also increased angiogenesis in zebrafish (Wayman et al., 2002; Cuzzocrea et al., 2004; Okaya and Lentsch, 2004; Bulhak et al., 2009; Nemčeková et al., 2013; Rizvi et al., 2013). In the present study the comprehensively validated BBB in vitro OGD model based on a co-culture of mouse brain endothelial cerebENDs cells and rat glioma C6 cells was used to investigate the effects of WY-14643 (Neuhaus et al., 2014).

Similarly to the results of Mysiorek et al. (2009) the addition of a PPARα agonist – in our case WY-14643 – inhibited BBB barrier breakdown in vitro by OGD. This was shown by TEER and fluorescein permeability data. Surprisingly, PPARα antagonist GW6471 was not able to reverse WY-14643 mediated protection of barrier tightness. Paracellular tightness is linked to the expression and localization of tight junction proteins (Witt et al., 2003; Jiao et al., 2011). Interestingly, WY-14643 did not prevent the decrease of mRNA levels of tight junction proteins indicating no direct transcriptional PPARα dependent effects. On the contrary, western blotting results showed different effects on expression and protein distribution of tight junction proteins. Especially, effects on occludin were very interesting. Regulations of the RIPA-fraction by WY-14643 and GW6471 suggested a PPARα dependency, whereas the effects on protein distribution were according to TEER data indicating a PPARα independent occludin distribution. Corresponding to our data, Canfield et al. (2016) recently found changes in TEER that was related to altered tight junction protein localization. At the same time they did not detect a significant regulation of tight junction protein expression using a human BBB model based on endothelial cells differentiated from human induced pluripotent stem cells.

The localization status of tight junction proteins is dependent on their phosphorylated sites. Therefore, we investigated as next step the influence of WY-14643 on MAP kinases. Previous studies showed that kinases such as ERK1/2, Akt, p38, and SAPK/JNK could be involved during BBB breakdown. According to literature, phosphorylation of all four analyzed kinases increased after OC6 treatment in our model (Kyriakis and Avruch, 2001; Irving and Bamford, 2002; Cowan and Storey, 2003; Ferrer et al., 2003; Lee and Lo, 2003; Zhu et al., 2003; Collino et al., 2006; Zhang et al., 2007; Wallace et al., 2012; Yuen et al., 2014). Interestingly, WY-14643 decreased the phosphorylation of ERK1/2, but increased phosphorylation of p38 and SAPK/JNK indicating a complex regulatory network which should be decoded in future studies. Recent work revealed that inhibition of proteasomal activity could contribute to decelerated degradation of proteins relevant for tight junction protein expression (Kleinschnitz et al., 2011; Thal et al., 2013). Therefore, proteasomal inhibitory properties of WY-14643 were tested and indeed it was found for the first time that WY-14643 was capable of blocking proteasomal activity. However, the addition of proteasome inhibitors itself were not able to prevent BBB breakdown or tissue damage. It was suggested that the less degraded glucocorticoid receptor had to be still activated in order to induce expression of occludin in the murine BBB under ischemic conditions (Kleinschnitz et al., 2011). If and how this pathway is modulated by WY-14643 and plays a role in our model could be elucidated in further studies. In general, the relevance of the modulation of MAP kinases and proteasomal enzymes by PPARα and PPARγ for BBB stabilization were confirmed in previous studies concerning HIV mediated BBB breakdown (Huang et al., 2009, 2011, 2014).

One major finding of this study was that we were able to show for the first time that WY-14643 increased PAI-1 expression of brain endothelial cells after OC6 treatment and that this was associated with a decrease of t-PA activity. On the one hand t-PA is used as a drug to lyse thrombi during stroke treatment, on the other hand it is known that t-PA contributes to BBB breakdown via MMP activation or cleavage of membrane receptors of the brain endothelium (Pfefferkorn and Rosenberg, 2003; Adibhatla and Hatcher, 2008). Recent publications underlined the possible importance of this finding. Fenofibrate therapy was successful in an acute phase stroke model with a thrombolysis-induced hemorrhage, where thrombolysis was induced by t-PA – treatment. Here, fenofibrate reduced the risk of hemorrhage after thrombolysis and decreased infarct volume, the stroke-induced vascular endothelium dysfunction, microglial activation and neutrophil infiltrations (Gautier et al., 2015). In this case, it could be speculated that fenofibrate increased PAI-1 expression leading to less t-PA mediated damage.

An interesting question is whether the amount of PAI-1 derived from brain endothelial cells would be enough to inhibit its breakdown during an ischemic insult. In this regard, it was published that WY-14643 upregulated PAI-1 in cells of other tissues such as cardiomyocyte-like cells or hepatocytes (Banfi et al., 2003; el Azzouzi et al., 2011). Moreover, it was reported that stroke-induced upregulation of acute phase proteins in the liver was inhibited by fenofibrate leading to decreased leukocytosis in the brain (Losey et al., 2015). Another study showed that fenofibrate treatment of salt-loaded spontaneously hypertensive stroke-prone rats reduced brain damage. In these animals an initially renal failure is linked to a cerebral ischemic insult. During the process they develop systemic inflammation followed by hypertension and proteinuria leading to end-organ injury (Gelosa et al., 2010). Altogether these data support the hypothesis that organ–organ interactions might play an important role for the beneficial effects of PPARα agonists to decrease adverse outcomes after cerebral ischemic insults. In this context, we also determined possible effects of WY-14643 on astrocyte mimicking glioma C6 cells being part of our co-culture model. Although it was published that fenofibrate acted mainly directly on brain endothelial cells to block BBB breakdown (Mysiorek et al., 2009), we found several targets such as t-PA, PAI-1, Angpt1, PDGFb, GDNF, ApoE, and TNFα in C6 cells which were regulated at the mRNA level by WY-14643 after OGD treatment (see Supplementary Table S4).

An important observation in our study was that several WY-14643 effects were not reversed by PPARα antagonist GW6471 indicating that for these effects no transcriptional activity of PPARα was necessary. Moreover, it could be speculated that WY-14643 at the effective concentrations (100–300 μM) activated also other targets than PPARα, since distinctly lower EC50 values (5.38 μM) were reported for WY-14643-mediated PPARα activation (Bernardes et al., 2013). To evaluate our in vitro data in an in vivo model, mice were subjected to CCI-TBI and treated with WY-14643 and GW6471 before. WY-14643 reduced edema formation significantly, which was also not inhibited by addition of PPARα antagonist GW6471. Western blotting of total brain samples revealed that similar targets (PAI-1, ZO-1, and ERK1/2) were affected by WY-14643 treatment in vivo as already found in vitro (data not shown). Moreover, experiments with PAI-1 knockout mice proved the relevance of PAI-1 for WY-14643 induced decrease of edema formation. It has to be mentioned that the CCI-TBI model also comprises tissue damage and inflammatory components which can influence edema formation, and that edema formation is only partly linked to BBB breakdown. However, we have chosen to analyze edema formation in order to evaluate whether the data obtained with a BBB in vitro OGD model could be predictive for a general parameter of CCI-TBI mediated damage.

In summary, we present several novel findings at the molecular level about how a PPARα agonist could prevent BBB damage in cerebral ischemic insults. Future studies might elucidate the underlying pathways to understand the processes in more detail and the data relevance for humans.

AUTHOR CONTRIBUTIONS

WN contributed to the study via its initial planning, experimental planning, collection of data, data analysis/interpretation and via the writing of the manuscript. TK contributed to the study via experimental planning, collection of data, data analysis/interpretation and via the writing of the manuscript. CG contributed to the study via experimental planning, collection of data and data analysis/interpretation. ST and CF contributed to the study via data analysis/interpretation and revision of the manuscript. AN contributed via the collection and analysis of data.

FUNDING

The research leading to these results has received funding from the European Union Seventh Framework Programme (FP7/2007–2013) under Grant agreement No. HEALTH-F2-2009-241778 to CF.

ACKNOWLEDGMENTS

We would like to thank Prof. Dr. Dr. h.c. Norbert Roewer for his general support as a Chair of the Department of Anaesthesia and Critical Care, University Hospital Würzburg.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fnmol.2017.00149/full#supplementary-material

REFERENCES

Abbott, N. J., and Friedman, A. (2012). Overview and introduction: the blood-brain barrier in health and disease. Epilepsia 53(Suppl. 6), 1–6. doi: 10.1111/j.1528-1167.2012.03696.x

Abbott, N. J., Rönnbäck, L., and Hansson, E. (2006). Astrocyte-endothelial interactions at the blood-brain barrier. Nat. Rev. Neurosci. 7, 41–53. doi: 10.1038/nrn1824

Adibhatla, R. M., and Hatcher, J. F. (2008). Tissue plasminogen activator (tPA) and matrix metalloproteinases in the pathogenesis of stroke: therapeutic strategies. CNS Neurol. Disord Drug Targets 7, 243–253. doi: 10.2174/187152708784936608

Amarenco, P., and Labreuche, J. (2009). Lipid management in the prevention of stroke: review and updated meta-analysis of statins for stroke prevention. Lancet Neurol. 8, 453–463. doi: 10.1016/S1474-4422(09)70058-4

Atlee, J. (2007). Complications in Anesthesia. Philadelphia, PA: Elsevier Health Sciences.

Baethmann, A., Wirth, A., and Schlesinger-Raab, A. (2002). Prospective system analysis of the pre- and early hospital care in severe head injury in Bavaria at a population-based level. Eur. Surg. Res. 34, 42–46. doi: 10.1159/000048886

Banfi, C., Auwerx, J., Poma, F., Tremoli, E., and Mussoni, L. (2003). Induction of plasminogen activator inhibitor I by the PPARalpha ligand, Wy-14,643, is dependent on ERK1/2 signaling pathway. Thromb Haemost 90, 611–619.

Berg, J., Tagliaferri, F., and Servadei, F. (2005). Cost of trauma in Europe. Eur J Neurol. 12(Suppl. 1), 85–90. doi: 10.1111/j.1468-1331.2005.01200.x

Bernardes, A., Souza, P. C., Muniz, J. R., Ricci, C. G., Ayers, S. D., Parekh, N. M., et al. (2013). Molecular mechanism of peroxisome proliferator-activated receptor α activation by WY14643: a new mode of ligand recognition and receptor stabilization. J. Mol. Biol. 425, 2878–2893. doi: 10.1016/j.jmb.2013.05.010

Besson, V. C., Chen, X. R., Plotkine, M., and Marchand-Verrecchia, C. (2005). Fenofibrate, a peroxisome proliferator-activated receptor alpha agonist, exerts neuroprotective effects in traumatic brain injury. Neurosci. Lett. 388, 7–12. doi: 10.1016/j.neulet.2005.06.019

Bordet, R., Ouk, T., Petrault, O., Gelé, P., Gautier, S., Laprais, M., et al. (2006). PPAR: a new pharmacological target for neuroprotection in stroke and neurodegenerative diseases. Biochem. Soc. Trans. 34, 1341–1346. doi: 10.1042/BST0341341

Bramlett, H. M., and Dietrich, W. D. (2004). Pathophysiology of cerebral ischemia and brain trauma: similarities and differences. J. Cereb. Blood Flow Metab. 24, 133–150. doi: 10.1097/01.WCB.0000111614.19196.04

Bulhak, A. A., Jung, C., Ostenson, C. G., Lundberg, J. O., Sjöquist, P. O., and Pernow, J. (2009). PPAR-alpha activation protects the type 2 diabetic myocardium against ischemia-reperfusion injury: involvement of the PI3-Kinase/Akt and NO pathway. Am. J. Physiol. Heart Circ. Physiol. 296, H719–H727. doi: 10.1152/ajpheart.00394.2008

Canfield, S. G., Stebbins, M. J., Morales, B. S., Asai, S. W., Vatine, G. D., Svendsen, C. N., et al. (2016). An Isogenic Blood-Brain Barrier Model Comprising Brain Endothelial Cells, Astrocytes and Neurons Derived from Human Induced Pluripotent Stem Cells. J. Neurochem. 140, 874–888. doi: 10.1111/jnc.13923

Castilla-Guerra, L., and Fernandez-Moreno Mdel, C. (2015). Do persons with stroke benefit from statin-fibrate combination therapy? Eur. J. Intern. Med. 26, 148–149. doi: 10.1016/j.ejim.2015.01.004

Cernak, I. (2005). Animal models of head trauma. NeuroRx 2, 410–422. doi: 10.1602/neurorx.2.3.410

Chen, X. R., Besson, V. C., Palmier, B., Garcia, Y., Plotkine, M., and Marchand-Leroux, C. (2007). Neurological recovery-promoting, anti-inflammatory, and anti-oxidative effects afforded by fenofibrate, a PPAR alpha agonist, in traumatic brain injury. J. Neurotrauma 24, 1119–1131. doi: 10.1089/neu.2006.0216

Chodobski, A., Zink, B. J., and Szmydynger-Chodobska, J. (2011). Blood-brain barrier pathophysiology in traumatic brain injury. Transl. Stroke Res. 2, 492–516. doi: 10.1007/s12975-011-0125-x

Collino, M., Aragno, M., Mastrocola, R., Benetti, E., Gallicchio, M., Dianzani, C., et al. (2006). Oxidative stress and inflammatory response evoked by transient cerebral ischemia/reperfusion: effects of the PPAR-alpha agonist WY14643. Free Radic. Biol. Med. 41, 579–589. doi: 10.1016/j.freeradbiomed.2006.04.030

Cowan, K. J., and Storey, K. B. (2003). Mitogen-activated protein kinases: new signaling pathways functioning in cellular responses to environmental stress. J. Exp. Biol. 206, 1107–1115. doi: 10.1242/jeb.00220

Cunard, R., DiCampli, D., Archer, D. C., Stevenson, J. L., Ricote, M., Glass, C. K., et al. (2002a). WY14,643, a PPAR alpha ligand, has profound effects on immune responses in vivo. J. Immunol. 169, 6806–6812.

Cunard, R., Ricote, M., DiCampli, D., Archer, D. C., Kahn, D. A., Glass, C. K., et al. (2002b). Regulation of cytokine expression by ligands of peroxisome proliferator activated receptors. J. Immunol. 168, 2795–2802.

Cuzzocrea, S., Di Paola, R., Mazzon, E., Genovese, T., Muià, C., and Caputi, A. P. (2004). WY 14643, a potent exogenous PPAR-alpha ligand, reduces intestinal injury associated with splanchnic artery occlusion shock. Shock 22, 340–346. doi: 10.1097/01.shk.0000136704.26372.2d

Delerive, P., De Bosscher, K., Besnard, S., Vanden Berghe, W., Peters, J. M., Gonzalez, F. J., et al. (1999). Peroxisome proliferator-activated receptor alpha negatively regulates the vascular inflammatory gene response by negative cross-talk with transcription factors NF-kappaB and AP-1. J. Biol. Chem. 274, 32048–32054. doi: 10.1074/jbc.274.45.32048

Deplanque, D., and Amarenco, P. (2011). Blood lipids and stroke: what more can we do besides reducing low-density lipoprotein cholesterol? Curr. Atheroscler Rep. 13, 306–313. doi: 10.1007/s11883-011-0186-z

Deplanque, D., Gelé, P., Pétrault, O., Six, I., Furman, C., Bouly, M., et al. (2003). Peroxisome proliferator-activated receptor-alpha activation as a mechanism of preventive neuroprotection induced by chronic fenofibrate treatment. J. Neurosci. 23, 6264–6271.

el Azzouzi, H., Leptidis, S., Bourajjaj, M., Armand, A. S., van der Nagel, R., van Bilsen, M., et al. (2011). Peroxisome proliferator-activated receptor (PPAR) gene profiling uncovers insulin-like growth factor-1 as a PPARalpha target gene in cardioprotection. J. Biol. Chem. 286, 14598–14607. doi: 10.1074/jbc.M111.220525

Escher, P., and Wahli, W. (2000). Peroxisome proliferator-activated receptors: insight into multiple cellular functions. Mutat. Res. 448, 121–138. doi: 10.1016/S0027-5107(99)00231-6

Ferrer, I., Friguls, B., Dalfó, E., and Planas, A. M. (2003). Early modifications in the expression of mitogen-activated protein kinase (MAPK/ERK), stress-activated kinases SAPK/JNK and p38, and their phosphorylated substrates following focal cerebral ischemia. Acta Neuropathol. 105, 425–437.

Finnie, J. W. (2014). Pathology of traumatic brain injury. Vet. Res. Commun. 38, 297–305. doi: 10.1007/s11259-014-9616-z

Fischer, S., Wiesnet, M., Renz, D., and Schaper, W. (2005). H2O2 induces paracellular permeability of porcine brain-derived microvascular endothelial cells by activation of the p44/42 MAP kinase pathway. Eur. J. Cell Biol. 84, 687–697. doi: 10.1016/j.ejcb.2005.03.002

Frieden, T. R., Houry, D., and Baldwin, G. (2014). The Report to Congress on Traumatic Brain Injury in the United States: Epidemiology and Rehabilitation. Atlanta: Centers for disease control and prevention.

Fruchart, J. C., Duriez, P., and Staels, B. (1999). Peroxisome proliferator-activated receptor-alpha activators regulate genes governing lipoprotein metabolism, vascular inflammation and atherosclerosis. Curr. Opin. Lipidol. 10, 245–257. doi: 10.1097/00041433-199906000-00007

Gautier, S., Ouk, T., Pétrault, M., Pétrault, O., Bérézowski, V., and Bordet, R. (2015). PPAR-alpha agonist used at the acute phase of experimental ischemic stroke reduces occurrence of thrombolysis-induced hemorrhage in rats. PPAR Res. 2015:246329. doi: 10.1155/2015/246329

Gelosa, P., Banfi, C., Gianella, A., Brioschi, M., Pignieri, A., Nobili, E., et al. (2010). Peroxisome proliferator-activated receptor {alpha} agonism prevents renal damage and the oxidative stress and inflammatory processes affecting the brains of stroke-prone rats. J. Pharmacol. Exp. Ther. 335, 324–331. doi: 10.1124/jpet.110.171090

Gray, H. (2011). Current controversies in traumatic brain injury. Ann. Queenstown Update Anesth. 51–55.

Grumme, T., Baethmann, A., Kolodziejczyk, D., Krimmer, J., Fischer, M., von Eisenhart Rothe, B., et al. (1995). Treatment of patients with severe head injury by triamcinolone: a prospective, controlled multicenter clinical trial of 396 cases. Res. Exp. Med. (Berl) 195, 217–229. doi: 10.1007/BF02576791

Guo, Q., Wang, G., and Namura, S. (2010). Fenofibrate improves cerebral blood flow after middle cerebral artery occlusion in mice. J. Cereb. Blood Flow Metab. 30, 70–78. doi: 10.1038/jcbfm.2009.185

Huang, W., András, I. E., Rha, G. B., Hennig, B., and Toborek, M. (2011). PPARα and PPARγ protect against HIV-1-induced MMP-9 overexpression via caveolae-associated ERK and Akt signaling. FASEB J. 25, 3979–3988. doi: 10.1096/fj.11-188607

Huang, W., Chen, L., Zhang, B., Park, M., and Toborek, M. (2014). PPAR agonist-mediated protection against HIV Tat-induced cerebrovascular toxicity is enhanced in MMP-9-deficient mice. J. Cereb. Blood Flow Metab. 34, 646–653. doi: 10.1038/jcbfm.2013.240

Huang, W., Eum, S. Y., András, I. E., Hennig, B., and Toborek, M. (2009). PPARα and PPARγ attenuate HIV-induced dysregulation of tight junction proteins by modulations of matrix metalloproteinase and proteasome activities. FASEB J. 23, 1596–1606. doi: 10.1096/fj.08-121624

Inoue, H., Jiang, X. F., Katayama, T., Osada, S., Umesono, K., and Namura, S. (2003). Brain protection by resveratrol and fenofibrate against stroke requires peroxisome proliferator-activated receptor alpha in mice. Neurosci. Lett. 352, 203–206. doi: 10.1016/j.neulet.2003.09.001

Irving, E. A., and Bamford, M. (2002). Role of mitogen- and stress-activated kinases in ischemic injury. J. Cereb. Blood Flow Metab. 22, 631–647. doi: 10.1097/00004647-200206000-00001

Jiao, H., Wang, Z., Liu, Y., Wang, P., and Xue, Y. (2011). Specific role of tight junction proteins claudin-5, occludin, and ZO-1 of the blood-brain barrier in a focal cerebral ischemic insult. J. Mol. Neurosci. 44, 130–139. doi: 10.1007/s12031-011-9496-4

Joó, F. (1996). Endothelial cells of the brain and other organ systems: some similarities and differences. Prog. Neurobiol. 48, 255–273. doi: 10.1016/0301-0082(95)00046-1

Kleinschnitz, C., Blecharz, K., Kahles, T., Schwarz, T., Kraft, P., Göbel, K., et al. (2011). Glucocorticoid insensitivity at the hypoxic blood-brain barrier can be reversed by inhibition of the proteasome. Stroke 42, 1081–1089. doi: 10.1161/STROKEAHA.110.592238

Kyriakis, J. M., and Avruch, J. (2001). Mammalian mitogen-activated protein kinase signal transduction pathways activated by stress and inflammation. Physiol. Rev. 81, 807–869.

Labreuche, J., Deplanque, D., Touboul, P. J., Bruckert, E., and Amarenco, P. (2010). Association between change in plasma triglyceride levels and risk of stroke and carotid atherosclerosis: systematic review and meta-regression analysis. Atherosclerosis 212, 9–15. doi: 10.1016/j.atherosclerosis.2010.02.011

Lawes, C. M., Bennett, D. A., Feigin, V. L., and Rodgers, A. (2004). Blood pressure and stroke: an overview of published reviews. Stroke 35, 776–785. doi: 10.1161/01.STR.0000116869.64771.5A

Lee, S. R., and Lo, E. H. (2003). Interactions between p38 mitogen-activated protein kinase and caspase-3 in cerebral endothelial cell death after hypoxia-reoxygenation. Stroke 34, 2704–2709. doi: 10.1161/01.STR.0000096540.40826.BA

Lo, E. H., Singhal, A. B., Torchilin, V. P., and Abbott, N. J. (2001). Drug delivery to damaged brain. Brain Res. Brain Res. Rev. 38, 140–148. doi: 10.1016/S0165-0173(01)00083-2

Logsdon, A. F., Lucke-Wold, B. P., Turner, R. C., Huber, J. D., Rosen, C. L., and Simpkins, J. W. (2015). Role of microvascular disruption in brain damage from traumatic brain injury. Compr. Physiol. 5, 1147–1160. doi: 10.1002/cphy.c140057

Losey, P., Ladds, E., Laprais, M., Geuvel, B., Burns, L., Bordet, R., et al. (2015). The role of PPAR activation during the systemic response to brain injury. J. Neuroinflammation 12, 99. doi: 10.1186/s12974-015-0295-7

Maas, A. I., Murray, G., Henney, H. III, Kassem, N., Legrand, V., Mangelus, M., et al. (2006). Efficacy and safety of dexanabinol in severe traumatic brain injury: results of a phase III randomised, placebo-controlled, clinical trial. Lancet Neurol. 5, 38–45. doi: 10.1016/S1474-4422(05)70253-2

Maas, A. I., Roozenbeek, B., and Manley, G. T. (2010). Clinical trials in traumatic brain injury: past experience and current developments. Neurotherapeutics 7, 115–126. doi: 10.1016/j.nurt.2009.10.022

Marmarou, A., Nichols, J., Burgess, J., Newell, D., Troha, J., Burnham, D., et al. (1999). Effects of the bradykinin antagonist Bradycor (deltibant, CP- 1027) in severe traumatic brain injury: results of a multi-center, randomized, placebo-controlled trial. American brain injury consortium study group. J. Neurotrauma 16, 431–444. doi: 10.1089/neu.1999.16.431

Minshall, R. D., and Malik, A. B. (2006). Transport across the endothelium: regulation of endothelial permeability. Handb. Exp. Pharmacol. 176, 107–144. doi: 10.1007/3-540-32967-6_4

Montaner, J., Chacón, P., Krupinski, J., Rubio, F., Millán, M., Molina, C. A., et al. (2008). Simvastatin in the acute phase of ischemic stroke: a safety and efficacy pilot trial. Eur. J. Neurol. 15, 82–90. doi: 10.1111/j.1468-1331.2007.02015.x

Morrison, B. III, Saatman, K. E., Meaney, D. F., and McIntosh, T. K. (1998). In vitro central nervous system models of mechanically induced trauma: a review. J. Neurotrauma. 15, 911–928. doi: 10.1089/neu.1998.15.911

Mysiorek, C., Culot, M., Dehouck, L., Derudas, B., Staels, B., Bordet, R., et al. (2009). Peroxisome-proliferator-activated receptor-alpha activation protects brain capillary endothelial cells from oxygen-glucose deprivation-induced hyperpermeability in the blood-brain barrier. Curr. Neurovasc. Res. 6, 181–193. doi: 10.2174/156720209788970081

Nemčeková, M., Čarnická, S., Ferko, M., Muráriková, M., Ledvényiová, V., and Ravingerová, T. (2013). Treatment of rats with hypolipidemic compound pirinixic acid protects their hearts against ischemic injury: are mitochondrial K(ATP) channels and reactive oxygen species involved? Physiol. Res. 62, 577–584.

Neuhaus, W., Bogner, E., Wirth, M., Trzeciak, J., Lachmann, B., and Gabor, W. (2006). A novel tool to characterize paracellular transport: the APTS-dextran ladder. Pharm. Res. 23, 1491–1501. doi: 10.1007/s11095-006-0256-z

Neuhaus, W., Burek, M., Djuzenova, C. S., Thal, S. C., Koepsell, H., Roewer, N., et al. (2012a). Addition of NMDA-receptor antagonist MK801 during oxygen/glucose deprivation moderately attenuates the upregulation of glucose uptake after subsequent reoxygenation in brain endothelial cells. Neurosci. Lett. 506, 44–49. doi: 10.1016/j.neulet.2011.10.045

Neuhaus, W., Samwer, F., Kunzmann, S., Muellenbach, R. M., Wirth, M., Speer, C. P., et al. (2012b). Lung endothelial cells strengthen, but brain endothelial cells weaken barrier properties of a human alveolar epithelium cell culture model. Differentiation 84, 294–304. doi: 10.1016/j.diff.2012.08.006

Neuhaus, W., Gaiser, F., Mahringer, A., Franz, J., Riethmüller, C., and Förster, C. (2014). The pivotal role of astrocytes in an in vitro stroke model of the blood-brain barrier. Front. Cell Neurosci. 8:352. doi: 10.3389/fncel.2014.00352

Neuhaus, W., and Noe, C. R. (2009). “Transport at the Blood–Brain Barrier,” in Transporters as Drug Carriers: Structure, Function, Substrates: 44 (Methods and Principles in Medicinal Chemistry), eds G. Ecker and P. Chiba (Weinheim: Wiley- VCH), 263–298.

Neuhaus, W., Plattner, V. E., Wirth, M., Germann, B., Lachmann, B., Gabor, F., et al. (2008). Validation of in vitro cell culture models of the blood-brain barrier: tightness characterization of two promising cell lines. J. Pharm. Sci. 97, 5158–5175. doi: 10.1002/jps.21371

Neuwelt, E., Abbott, N. J., Abrey, L., Banks, W. A., Blakley, B., Davis, T., et al. (2008). Strategies to advance translational research into brain barriers. Lancet Neurol. 7, 84–96. doi: 10.1016/S1474-4422(07)70326-5

Novakova, I., Subileau, E. A., Toegel, S., Daniela, G., Bodo, L., Ernst, U., et al. (2014). Transport rankings of non-steroidal anti inflammatory drugs across blood-brain barrier in vitro models. PLoS ONE 23:e86806. doi: 10.1371/journal.pone.0086806

Okaya, T., and Lentsch, A. B. (2004). Peroxisome proliferator-activated receptor-alpha regulates postischemic liver injury. Am. J. Physiol. Gastrointest Liver Physiol. 286, G606–G612.

Ouk, T., Gautier, S., Pétrault, M., Montaigne, D., Maréchal, X., Masse, I., et al. (2014). Effects of the PPAR-α agonist fenofibrate on acute and short-term consequences of brain ischemia. J. Cereb. Blood Flow Metab. 34, 542–551. doi: 10.1038/jcbfm.2013.233

Ouk, T., Laprais, M., Bastide, M., Mostafa, K., Gautier, S., and Bordet, R. (2009). Withdrawal of fenofibrate treatment partially abrogates preventive neuroprotection in stroke via loss of vascular protection. Vascul. Pharmacol. 51, 323–330. doi: 10.1016/j.vph.2009.08.002

Pfefferkorn, T., and Rosenberg, G. A. (2003). Closure of the blood-brain barrier by matrix metalloproteinase inhibition reduces rtPA-mediated mortality in cerebral ischemia with delayed reperfusion. Stroke 34, 2025–2030. doi: 10.1161/01.STR.0000083051.93319.28

Rizvi, Y. Q., Mehta, C. S., and Oyekan, A. (2013). Interactions of PPAR-alpha and adenosine receptors in hypoxia-induced angiogenesis. Vascul. Pharmacol. 59, 144–151. doi: 10.1016/j.vph.2013.09.001

Salvador, E., Burek, M., and Förster, C. Y. (2015). Stretch and/or oxygen glucose deprivation (OGD) in an in vitro traumatic brain injury (TBI) model induces calcium alteration and inflammatory cascade. Front. Cell Neurosci. 9:323. doi: 10.3389/fncel.2015.00323

Sashindranath, M., Sales, E., Daglas, M., Freeman, R., Samson, A. L., Cops, E. J., et al. (2012). The tissue-type plasminogen activator-plasminogen activator inhibitor 1 complex promotes neurovascular injury in brain trauma: evidence from mice and humans. Brain 135, 3251–3264. doi: 10.1093/brain/aws178

Sashindranath, M., Samson, A. L., Downes, C. E., Crack, P. J., Lawrence, A. J., Li, Q.-X., et al. (2011). Compartment- and context-specific changes in tissue-type plasminogen activator (tPA) activity following brain injury and pharmacological stimulation. Lab. Invest. 91, 1079–1091. doi: 10.1038/labinvest.2011.67

Shlosberg, D., Benifla, M., Kaufer, D., and Friedman, A. (2010). Blood-brain barrier breakdown as a therapeutic target in traumatic brain injury. Nat. Rev. Neurol. 6, 393–403. doi: 10.1038/nrneurol.2010.74

Silwedel, C., and Förster, C. (2006). Differential susceptibility of cerebral and cerebellar murine brain microvascular endothelial cells to loss of barrier properties in response to inflammatory stimuli. J. Neuroimmunol. 179, 37–45. doi: 10.1016/j.jneuroim.2006.06.019

Sivarajah, A., Chatterjee, P. K., Hattori, Y., Brown, P. A., Stewart, K. N., Todorovic, Z., et al. (2002). Agonists of peroxisome-proliferator activated receptor-alpha (clofibrate and WY14643) reduce renal ischemia/reperfusion injury in the rat. Med. Sci. Monit. 8, BR532–BR539.

Srivastava, K., Shao, B., and Bayraktutan, U. (2013). PKC-β exacerbates in vitro brain barrier damage in hyperglycemic settings via regulation of RhoA/Rho-kinase/MLC2 pathway. J. Cereb. Blood Flow Metab. 33, 1928–1936. doi: 10.1038/jcbfm.2013.151

Staels, B., Koenig, W., Habib, A., Merval, R., Lebret, M., Torra, I. P., et al. (1998). Activation of human aortic smooth-muscle cells is inhibited by PPARalpha but not by PPARgamma activators. Nature 393, 790–793. doi: 10.1038/31701

Su, E. J., Fredriksson, L., Kanzawa, M., Kanzawa, M., Moore, S., Folestad, E., et al. (2015). Imatinib treatment reduces brain injury in a murine model of traumatic brain injury. Front. Cell Neurosci. 9:385. doi: 10.3389/fncel.2015.00385

Thal, S. C., and Neuhaus, W. (2014). The blood-brain barrier as a target in traumatic brain injury treatment. Arch. Med. Res. 45, 698–710. doi: 10.1016/j.arcmed.2014.11.006

Thal, S. C., Schaible, E. V., Neuhaus, W., Scheffer, D., Brandstetter, M., Engelhard, K., et al. (2013). Inhibition of proteasomal glucocorticoid receptor degradation restores dexamethasone-mediated stabilization of the blood-brain barrier after traumatic brain injury. Crit. Care Med. 41, 1305–1315. doi: 10.1097/CCM.0b013e31827ca494

Thal, S. C., Sporer, S., Klopotowski, M., Thal, S. E., Woitzik, J., Schmid-Elsaesser, R., et al. (2009). Brain edema formation and neurological impairment after subarachnoid hemorrhage in rats. Laboratory investigation. J. Neurosurg. 111, 988–994. doi: 10.3171/2009.3.JNS08412

Thal, S. C., Wyschkon, S., Pieter, D., Engelhard, K., and Werner, C. (2008). Selection of endogenous control genes for normalization of gene expression analysis after experimental brain trauma in mice. J. Neurotrauma 25, 785–794. doi: 10.1089/neu.2007.0497

Timaru-Kast, R., Luh, C., Gotthardt, P., Huang, C., Schäfer, M. K., Engelhard, K., et al. (2012). Influence of age on brain edema formation, secondary brain damage and inflammatory response after brain trauma in mice.PLoS ONE 7:e43829. doi: 10.1371/journal.pone.0043829

Tomkins, O., Feintuch, A., Benifla, M., Cohen, A., Friedman, A., and Shelef, I. (2011). Blood-brain barrier breakdown following traumatic brain injury: a possible role in posttraumatic epilepsy. Cardiovasc. Psychiatry Neurol. 2011:765923. doi: 10.1155/2011/765923

Turner, R. C., Dodson, S. C., Rosen, C. L., and Huber, J. D. (2013). The science of cerebral ischemia and the quest for neuroprotection: navigating past failure to future success. J. Neurosurg. 118, 1072–1085. doi: 10.3171/2012.11.JNS12408

van der Most, P. J., Dolga, A. M., Nijholt, I. M., Luiten, P. G., and Eisel, U. L. (2009). Statins: mechanisms of neuroprotection. Prog. Neurobiol. 88, 64–75.

Verma, A. (2000). Opportunities for neuroprotection in traumatic brain injury. J. Head Trauma Rehabil. 15, 1149–1161. doi: 10.1097/00001199-200010000-00008

Von Knethen, A. A., and Brüne, B. (2001). Delayed activation of PPARgamma by LPS and IFN-gamma attenuates the oxidative burst in macrophages. FASEB J. 15, 535–544. doi: 10.1096/fj.00-0187com

Wallace, B. K., Jelks, K. A., and O’Donnell, M. E. (2012). Ischemia-induced stimulation of cerebral microvascular endothelial cell Na-K-Cl cotransport involves p38 and JNK MAP kinases. Am. J. Physiol. Cell Physiol. 302, C505–C517. doi: 10.1152/ajpcell.00261.2011

Wayman, N. S., Hattori, Y., McDonald, M. C., Mota-Filipe, H., Cuzzocrea, S., Pisano, B., et al. (2002). Ligands of the peroxisome proliferator-activated receptors (PPAR-gamma and PPAR-alpha) reduce myocardial infarct size. FASEB J. 16, 1027–1040. doi: 10.1096/fj.01-0793com

Witt, K. A., Mark, K. S., Hom, S., and Davis, T. P. (2003). Effects of hypoxia-reoxygenation on rat blood-brain barrier permeability and tight junctional protein expression. Am. J. Physiol. Heart Circ. Physiol. 285, H2820–H2831. doi: 10.1152/ajpheart.00589.2003

Xiong, Y., Mahmood, A., and Chopp, M. (2009). Emerging treatments for traumatic brain injury. Expert Opin. Emerg. Drugs 14, 67–84. doi: 10.1517/14728210902769601

Yue, T. L., Bao, W., Jucker, B. M., Gu, J. L., Romanic, A. M., Brown, P. J., et al. (2003). Activation of peroxisome proliferator-activated receptor-alpha protects the heart from ischemia/reperfusion injury. Circulation 108, 2393–2399. doi: 10.1161/01.CIR.0000093187.42015.6C

Yuen, N., Lam, T. I., Wallace, B. K., Klug, N. R., Anderson, S. E., and O’Donnell, M. E. (2014). Ischemic factor-induced increases in cerebral microvascular endothelial cell Na/H exchange activity and abundance: evidence for involvement of ERK1/2 MAP kinase. Am. J. Physiol. Cell Physiol. 306, C931–C942. doi: 10.1152/ajpcell.00021.2013

Yurkewicz, L., Weaver, J., Bullock, M. R., and Marshall, L. F. (2005). The effect of the selective NMDA receptor antagonist traxoprodil in the treatment of traumatic braininjury. J. Neurotrauma 22, 1428–1443. doi: 10.1089/neu.2005.22.1428

Zhang, Y., Park, T. S., and Gidday, J. M. (2007). Hypoxic preconditioning protects human brain endothelium from ischemic apoptosis by Akt-dependent survivin activation. Am. J. Physiol. Heart Circ. Physiol. 292, H2573–H2581. doi: 10.1152/ajpheart.01098.2006

Zhou, Y. H., Ye, X. F., Yu, F. F., Zhang, X., Qin, Y. Y., Lu, J., et al. (2013). Lipid management in the prevention of stroke: a meta-analysis of fibrates for stroke prevention. BMC Neurol. 13:1. doi: 10.1186/1471-2377-13-1

Zhu, Y., Sun, Y., Xie, L., Jin, K., Sheibani, N., and Greenberg, D. A. (2003). Hypoxic induction of endoglin via mitogen-activated protein kinases in mouse brain microvascular endothelial cells. Stroke 34, 2483–2488. doi: 10.1161/01.STR.0000088644.60368.ED

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Neuhaus, Krämer, Neuhoff, Gölz, Thal and Förster. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnmol-10-00149-g005.jpg
C

x-fold t-PA mRNA expression
related to B-actin
-
th

1,0 *
0,5
0,0
NC6 0C6 oc6 0oc6
+WY-14643 [uM]: 300 300
+GW6471 [uM]: 10
30
H
g 25
H
E
5% 2,0
L
2215
23
ol
: 3 1,0
=
S 05
P
0,0
f NC6 oc6 0oc6 [
+WY-14643 [uM]: 300 300
+GW6471 [uM]: 10

t-PA activity in cell supernatants [%]

+ WY-14643 [uM]:
+rhPAL1 [ug/mL]: 1

t-PA activity

% = PA activity
#
§
#
*
NCé6 [ele) 0C6 0C6
300

RIPA
fraction

protein expression

Triton-X 100

fraction

I\
s R

B-actin ---..

NC6 OC6 OC6 OC6
+WY-14643 [uM]: 300 300

+GW6471 [uM]:

0cCe6

NC6 OC6 OC6
300 300

x-fold t-PA protein expression

related to B-actin

i3
n

o
o

-
n

-
>

0,5

B total cell lysate
W RIPA fraction
3 Triton-X 100 fraction

0,0 -

+WY-14643 [uM]:
+GW6471 [nM]:

protein expression

RIPA Triton-X 100
fraction fraction
|
§ V0 \

PAI-1 =

B-actin s

NC6 0C6 0C6 OC6
+WY-14643 [uM]: 300 300
+GW6471 [uM]: 10

——55kDa

—35kDa
——55kDa

—
——35KkDa
NC6 OC6 OC6 OC6

300 300
10

x-fold PAI-1 protein expression

related to B-actin

% *
#
0oc6 oceé
300 300
10

B total cell Iysate
NN RIPA fraction
[ Triton-X 100 fraction

+ WY-14643 [nM]: 300 300
+GW6471 [uM]: 10
o f L3 l.
barrier functionality
140 140
130 130
120 T 120
T 1o . = 10 "

£ 100 £ 100
290 > 3%
= 80 R

] @ g 70 #
o 60 2 60
2 50 3 50
Z 40 g 40
< 30 5 30
20 e 20
10 10

0 . 0 .
NC6 0C6 oc6 NC6 oce 0C6
+rhPAI-1 [ng/mL]: | +rhPAI-1 [ug/mL]: 1

-
=3
=3

& o ®
S =) =3

t-PA protein distribution [% |
»
e

* 3

* 3

0

NC6 océ
+WY-14643 [nM]:
+GW6471 [M]:

-
o
=3

0oceé
04

0océ

10

mmm RIPA fraction
0 Triton-X 100 fraction

& a ®
S =3 =3

~
=3

PAI-1 protein distribution [% ]
*

0

NC6 oc6
+WY-14643 [nM]:
+GW6471 [nM]:

0oC6

0oC6

10






OPS/images/fnmol-10-00149-g006.jpg
A 87 | it
86 | = contrtaterst
88
84
83 b
82
81
80
7
78
7
76
75
74
73
7

£
]
H
H

ebkIeWT  WI W

S WY-14643 [mgkg]: “© @
+GWeT1 [myg

-t

EER 431 541

brain water content [% ]

\ehiclePAL1 /- PAL1/  PALL-

@ @
30

+ WY-14643 [mg/]
+ GW4T1 [mgg]






OPS/images/fnmol-10-00149-g003.jpg
A RIPA Triton-X 100 £ 100
. . H = total cell lysate s mE RIPA fraction
fraction fraction '§ 3,0 | mmmm RIPA fraction ~§ [ Triton-X 100 fraction
I\ 13 [ Triton-X 100 fraction 2 g0
| ‘ Eq 251 B - I &
H 59 4 z
ERK1/2 == i z
p —— 5;5 2,0 ] 60
; —35kDa £5 3
f Q1,5 s
ERK1/2 = =% - =3 Q401
- -— ] * %k ## # # E
d — —35kDa fé S 1,0 - ® ok K * # =
: E —S55KkDa = z € 20
l}-actln -- PR pu— E 0,5 1 S
H —35kDa P ii[] x
0,0 g o - — -
NC6 OC6 0C6 OC6 NC6 OC6 OC6 OC6 NC6 0C6 0C6 ocs 2 NC6 0C6 0C6
+WY-14643 [uM]: 300 300 300 300 +WY-14643 [uM]: 300 300 + WY-14643 [uM]: 300
+GW6471 [uM]: 10 10 +GW6471 [uM]: 10 +GW6471 [uM]:
RIPA Triton-X 100 — 100
fracti fracti . total cell Iysate s M RIPA fraction
B raction raction £ 3,0 | mmm RIPA fraction - [ Triton-X 100 fraction .
z [ Triton-X 100 fraction -.,: 80 1 T
B 251 2
o &
= z
£ 20 = 601
s £
° 8 3
v - . E= 1,5 3
. 3 S 40 -
Z = o
¢ CH T § 2
: : —55KD. = # X Z
! ' a = * ]
B-actin : - — S s g
-P - H e <
: i —35kDa s = | | | ||
NC6 OC6 OC6 OC6 NC6 OC6 OC6 OC6 ’ NC6 oce oce oce NC6 ocs 0C6
FWY-14643 [uM]: 300 300 300 300 +WY-14643 [uM]: 300 300 +WY-14643 [uM]: 30
+GW6471 [UM]: 10 10 +GW6471 [uM]: 10 +GW6471 [uM]:
RIPA Triton-X 100 N 100
. . == total cell lysate 7= W RIPA fraction
C fraction fraction g 3,0 | mmmm RIPA fraction ## s § [ Triton-X 100 fraction
Z "0 Triton-X 100 fraction A #la £ 80 I
2 254 * o 2 T G
- =
5z s
-3 ] : 60
g2 z
S = E
-] d b
2218 2 40
L3 * % % &
- -
E 1,0 A =
. : ] —55KkDa 3 £ 20
ﬁ-‘«lctln ————  — — — s 051 =
i i —35kDa - - | | | | | |
NC6 OC6 OC6 OC6 NC6 OC6 OC6 OCE 2 NC6 0C6 0C6 0C6 NC6 0ocs6 0oC6
+WY-14643 [uM]: 300 300 300 300 +WY-14643 [uM]: a 300 +WY-14643 [uM]: S
+GW6471 [uM]: 10 10 +GW6471 [uM]: 1% +GWG471 [uM]:
D RIPA Triton-X 100 H 100
s o = = total cell lysate BN RIPA fraction
fraction fraction Z 3,0 -| mmmm RIPA fraction v [ Triton-X 100 fraction .
s [ Triton-X 100 fraction Z— 80 1
§ % Sx
[ SZ 25 o<
‘ 33 s EE
32
SAPK/JNK | £5 20 # P e 28
P | g < * u# 52
o A L * ® K 25
Z 215 5
i X3 40
SAPK/JNK ST i g
] * % K £s
2510 i *
. ; —55kDa g - ZE 20/
ﬁ'actln ~-.. = 0,5 1 2
i —35kDa g
0,0 _ 0 | ||
NC6 OC6 0C6 OC6 NC6 OC6 OC6 OC6 ’ NC6 0cé 0C6 0c6 NC6 0Cé 0C6
+WY-14643 [uM]: 300 300 300 300 +WY-14643 [uM]: 300 300 +WY-14643 [uM]: 300

+GW6471 [uM]: 10 10 +GW6471 [uM]: 10 +GW6471 [uM]:






OPS/images/cross.jpg
3,

i





OPS/images/fnmol-10-00149-g004.jpg
prv—

v
R

wpn
e

—






OPS/images/fnmol-10-00149-g001.jpg
|

£
s 00s 0cs ocs 0cs 0Cs 06 0C6
e 3 0 o0 a0 e
e b T
s

£

z

3

i

Z

£

i

H

NC6 OC§ 0C6 0C6 OC6 0C6 OCG 0C6
3 % 10 30 30 0
T &






OPS/images/fnmol-10-00149-g002.jpg
RIPA Triton-X 100
fraction fraction
A |
1
v e emm em

70-1

|3-actin --—.

NC6 OC6 OC6 OC6

NC6 OC6 OC6 OC6
300 3

+WY-14643 [uM]: 300 300 00
+GW6471 [M]: 10 10
RIPA Triton-X 100
fraction fraction
A \ |
Occludin 70kDa
55kDa
. : —55KkDa
B-actin s ——
: : —35KkDa
NC6 OC6 0C6 OC6  NC6 OC6 OC6 OC6
+FWY-14643 [uM]: 300 300 300 300
+GW6471 [uM]:
RIPA Triton-X 100
fraction fraction
| |
. [ ] Ll : 1 sskpa
ﬁ-actln e I ————
i —35KkDa
: ; —25KkDa
sidin-% ; | ——
Claudin-5 - -
: —15KkDa
NC6 OC6 OC6 OC6 NC6 OC6 OC6 OC6
WY-14643 [UM]: 300 300 300 300
GW6471 [uM]: 10 10

[ total cell lysate
NN RIPA fraction
[ Triton-X 100 fraction

related to B-actin

0,6
0,4
02

x-fold ZO-1 protein expression

0,0

NCé6 0oC6

+WY-14643 [uM]:
+ GW6471 [uM]:

*
| ‘
0Cé6 0ocCé6

300 300
10

NN
IS

[
o

[0 total cell Iysate
BN RIPA fraction

-
=)

1,4 1

[
~

1,0
0,8

related to B-actin

S e
PN

x-fold occludin protein expression

<
[S)

=
>

NCé

+WY-14643 [uM]:
+ GW6471 [uM]:

N
N

0C6 0cCé
300 300
10

N
=]

1,8

3 Triton-X 100 fraction
*
0cCé6
== total cell lysate
W RIPA fraction

3 Triton-X 100 fraction

1,6 1

related to B-actin
&S Lol ool Lo

x-fold claudin-5 protein expression

£
NS I SIS

2

0,0

NC6 0ocCé6

+ WY-14643 [uM]:
+GW6471 [uM]:

—
1=
=

BN RIPA fraction

= [ Triton-X 100 fraction
~
= 80
s *
2
H
T 60 -
&
=
=
T 40 o
e
=
=
X 20 A
Q
N

0

+WY-14643 [uM]:
+GW6471 [uM]:

-
=3
=]

NCé6 0cC6 0cCe6 0cCé6
300 300
10
mmm RIPA fraction
[ Triton-X 100 fraction #

- =) 3
=] = =

Occludin protein distribution [% ]
~N
=]

0

+WY-14643 [uM]:
+ GW6471 [uM]:

thlﬂ_L
*
NC6 0cCé6

#
océ6 0oc6
300 300
10

=
=3
=]

W RIPA fraction
[ Triton-X 100 fraction

3
=]
s

Claudin-5 protein distribution [% |
Il - =)
=3 S S

0 - -

NC6 0ocs
+WY-14643 [uM]:
+GW6471 [uM]:

0ocCé 0cCé6
300 300
10





OPS/images/cover.jpg
, frontiers

in Molecular Neuroscience

Multifaceted Mechanisms of
WY-14643 to Stabilize the
Blood-Brain Barrier in a Model of
Traumatic Brain Injury





OPS/images/logo.jpg
’ frontiers
in Molecular Neuroscience





