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Abstract 
Migration of monocytes across the blood-brain barrier (BBB), a common hallmark of 
neuroinflammatory disorders, requires the active participation of brain endothelial cells, 
to rearrange their cytoskeleton and tight junctions. We previously showed that reactive 
oxygen species (ROS) play a pivotal role during transendothelial migration of monocytes, 
by altering BBB integrity. However, long-term exposure to ROS may induce adaptive 
responses in brain ECs to counteract an oxidative attack. To identify these cellular 
adaptations, we studied the effect of ROS on gene and protein expression in brain 
endothelial cells. Using real-time quantitative PCR and proteomic techniques we show 
that superoxide induces differential gene and protein expression in brain endothelium, 
including molecules involved in redox regulation, among which peroxiredoxin-1 (Prx1). 
To further study the role of Prx1 in transendothelial monocyte migration, we established 
a brain endothelial cell line overexpressing Prx1. Our data show that Prx-1 
overexpression protects brain endothelial cells from ROS-induced cell death and 
enhances the integrity of the brain endothelial layer. In addition, Prx1 overexpression 
reduces monocyte adhesion and subsequent transendothelial migration by decreasing 
ICAM-1 expression on brain endothelium. Our data implicate that Prx1 may be an 
important regulator of cellular protection against oxidative stress and suggest that 
induction of antioxidant enzymes may be a tool to prevent monocyte migration into the 
central nervous system and thus be of relevance for the treatment of neuroinflammation. 
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Introduction 
Neurological diseases, such as multiple sclerosis, HIV-associated dementia, and stroke 
are associated with massive infiltration of leukocytes into the central nervous system 
(CNS). To enter the CNS, leukocytes need to cross the blood-brain barrier (BBB), which 
forms a selective barrier between the CNS and the systemic circulation that prevents 
entrance of circulating molecules and immune cells into the CNS. The BBB is primarily 
formed by specialized brain endothelial cells (ECs) and their tight junction complexes. A 
prerequisite for leukocytes to enter the CNS is the active participation of brain ECs to 
rearrange their cytoskeleton and tight junctions, thus allowing cellular migration. 

Mechanisms that underlie BBB opening and regulation during cellular migration are 
largely unknown, but it is evident that reactive oxygen species (ROS) are of importance 
in this process. ROS, which are produced during hypoxia/reoxygenation and cellular 
migration1;2, induce morphological alterations in brain endothelium via the activation of 
signaling pathways. Subsequently, ROS-induced alterations lead to enhanced 
permeability and cellular migration (chapter 3 of this thesis)2-6.  

However, upon long-term exposure, ROS may provoke adaptive responses in brain 
ECs to condition ECs to counteract the oxidative attack by the induction of protective 
proteins. In peripheral ECs, ROS induce the expression of antioxidant enzymes, such as 
superoxide dismutase (SOD), catalase, glutathione peroxidase and heme oxygenase 1 
(HO-1) leading to oxidant tolerance7;8. In addition, in a wide variety of cell types, 
including ECs, oxidative stress induces the expression of heat shock proteins that 
provide cellular protection against various forms of physiological and environmental 
stress7-9. Furthermore, redox sensitive transcription factors such as nuclear factor E2-
related factor 2 (Nrf2) can contribute to adaptive responses to oxidative stress10. 
Previously, it was reported that ROS induce enhanced expression of the antioxidant 
enzymes manganese SOD and HO-1 in brain ECs11;12. Here, we hypothesize that 
exposure of brain ECs to ROS leads to adaptations that enhance cellular resistance 
against oxidative stress, which may lead to maintenance of BBB integrity under oxidative 
and inflammatory conditions.  

To identify molecular pathways involved in cellular adaptation to oxidative stress, we 
here studied the effect of superoxide on gene and protein expression in brain ECs. 
Exposure to superoxide triggered the differential expression of a number of such 
proteins, among which peroxiredoxin-1 (Prx1). Functionally, enhanced Prx1 expression 
in brain ECs contributed to improved BBB integrity and reduced transendothelial 
migration of monocytes. 
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Materials and Methods 
Cell culture 
The well-characterized, immortalized Wistar rat brain endothelial cell line rBCEC4 served 
as a model for the BBB in vitro13 and was maintained in DMEM supplemented with 10% 
FCS (heat inactivated), 1.2 mM L-glutamine, 100 U/ml penicillin and 100 µg/ml 
streptomycin (all obtained from Gibco, Carlsbad, CA, USA), endothelial cell growth 
supplement (10 µg/ml, Becton Dickinson, Franklin Lakes, NJ, USA), and heparin (100 
µg/ml, Sigma, St. Louis, USA). rBCEC4 cells were passaged into flasks or multiwell 
plates (Labtek; Nalge Nunc International, Naperville, IL) coated with type I collagen 1/20 

diluted in Hank’s buffered saline solution and detached at 37°C with 2 ml trypsin/EDTA in 
phosphate buffered saline. Cells were collected in prewarmed culture medium, 
centrifuged, and resuspended in fresh culture medium. Cells were then cultured to 
confluence at 37°C in 5% CO2 until the formation of monolayers. 
The rat monocytic cell line NR8383, resembling primary monocytes in their adhesive and 
migratory behavior14, was obtained from the American Tissue Type Culture Collection 
(Manassas, USA). These non-adherent cells were cultured in RPMI-1640 medium 
supplemented with 10% FCS (heat-inactivated), 2 mM L-glutamine, 100 U/ml penicillin 
and 100 µg/ml streptomycin (all obtained from Gibco, Carlsbad, CA, USA). 
 
Proteomics 
Confluent monolayers of rBCEC4 cells were exposed to superoxide for 16 hours. 
Superoxide was generated with 0,02 U/ml xanthine oxidase and 100 µM hypoxanthine 
(both obtained from Sigma, St. Louis, USA) as previously described2. Protein samples of 
rBCEC4 cells were prepared as previously described15;16, and total protein concentration 
were in the range of 10 to 15±2.5 mg protein/ml. 2D-gelelectrophoresis (2DE) was 
performed as described by Klose and Kobalz17. Ampholyte mixtures (WITAlyte 2-11) and 
the devices for gel casting and isoelectric focussing were purchased from WITA (Teltow, 
Germany). SDS-PAGE was performed using the electrophoresis equipment DESAVOR 
VA (DESAGA, Wiesloch, Germany), which allows simultaneous run of two high-
resolution 2D gels (size 230 x 300 mm2). Separated proteins were visualized by 
Coomassie Brilliant Blue G-250 (SERVA Electrophoresis GmbH, Heidelberg, Germany) 
staining. Quantitative analyses were performed using Phoretix software (Nonlinear 
Dynamics, Newcastle, UK). Each experiment was repeated at least three times and each 
cellular protein extract was separated by 2DE at least two times. For protein identification 
with mass spectrometry, protein spots were excised and the excised gel slices were 
washed with 50% (v/v) acetonitrile in 25 mM ammonium bicarbonate, shrunk by 
dehydration in acetonitrile, and dried in a vacuum centrifuge. The dried gel pieces were 
incubated with 60 ng trypsin (sequencing grade; Promega, Madison, WI, USA) in 10 µL 5 
mM ammonium bicarbonate at 37°C overnight. To extract the peptides, 10 µL 0.5% (v/v) 
trifluoroacetic acid in acetonitrile was added, the samples were sonicated for 5 min and 
the separated supernatant was divided into two portions of equal volume which were 
dried under vacuum. For nanoLC–ESI-MS/MS, one portion was redissolved in 6 µL 0.1% 
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(v/v) TFA in (6:94, v/v) acetonitrile–water. LC–ESI MS experiments were performed with 
a Q-Tof Ultima (Micromass, Manchester, UK) quadrupole orthogonal acceleration time-
of-flight mass spectrometer equipped with a Z-spray nanoelectrospray source. A 
Micromass CapLC liquid-chromatography system was used to deliver the peptide 
solution to the electrospray source. The tryptic protein digests (5 µL) or the model 
peptide mixtures (100 fmol, 5 µL) were injected in 2:98 (v/v) acetonitrile–water containing 
0.1% TFA, at a flow rate of 20 µL min−1 (eluent C) and concentrated on a precolumn 
(PepMap C18, 5 µm, 100 Å, 5 mm × 300 µm i.d.; Dionex, Idstein, Germany). Peptides 
were eluted on to an analytical column (PepMap C18, 3 µm, 100 Å, 150 mm × 75 µm 
i.d., Dionex) and separations were performed at a mobile phase flow rate of 
160 nL min−1. Mobile phase A was 3:97 (v/v) acetonitrile–water containing 0.1% (v/v) 
formic acid and B was 8:2 (v/v) acetonitrile–water containing 0.1% (v/v) formic acid. 
Runs were performed using a gradient from 4 to 65% B in 60 min. The mass 
spectrometer was operated in the positive-ion mode using PicoTip spray capillaries (New 
Objective, Woburn, MA, USA). Data analysis was performed by use of MassLynx 
software (Micromass–Waters). For protein identification, data were acquired in a data-
dependent mode (survey scanning) using one MS scan followed by MS/MS scans of the 
most abundant peak. The MS survey range was m/z 300–1550 and the MS/MS range 
was m/z 100–1990. The processed MS/MS spectra and MASCOT server version 1.9 
(Matrix Science Ltd, London, UK) were used to search in-house against the SwissProt 
protein database. A maximum of four missed cleavages was allowed and the mass 
tolerance of the precursor and sequence ions was set to 100 ppm and ± 0.2 Da, 
respectively. The search includes variable modifications of cysteine with acrylamide and 
methionine oxidation. Probability-based scoring was used and a protein was accepted as 
identified if at least one tryptic peptide indicated identity with a highly significant score. 
 
Real-time quantitative PCR 
Confluent monolayers of rBCEC4 were exposed to superoxide (generated with 0,02 U/ml 
xanthine oxidase and 100 µM hypoxanthine) and lysed in Trizol (Invitrogen, Carlsbad, 
CA, USA). RNA was isolated with Qiagen RNeasy columns (Qiagen Benelux B.V., 
Venlo, the Netherlands). The yield and quality of total RNA was determined by 
measuring the absorbance of an aliquot of the stock at a wavelength of 260 and 280 nm 
and by using an Agilent 2100 Bioanalyzer. cDNA was synthesized starting with 1 µg of 
total RNA using the reverse transcriptase Superscript II (Invitrogen, Carlsbad, CA, USA) 
for 1 hr at 42 oC. Quantification of cDNA by real time PCR makes use of the observation 
that the early cycles of PCR are characterized by an exponential increase in target 
amplification. The accumulation of PCR product is measured using Sybergreen II. 
Primers for Prx1, NAD(P)H:quinone oxidoreductase 1 (NQO1), NHR:quinone 
oxidoreductase 2 (NQO2), superoxide dismutase 1 (SOD1), SOD2, SOD3, heme 
oxygenase 1 (HO-1), and HO-2 were designed using the software package Primer 
Express (Applied Biosystems, Foster City, CA, USA) preferably in the 3’ UTR (Table 1). 
PCR conditions were identical for all genes (Amplitaq gold, 3 mM Mg2+, 40 cycles of 15 
sec 95ºC and 1 min 60ºC). For each gene a separate standard curve was prepared 
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using 4 fold dilutions of genomic DNA. Expression levels of the housekeeping gene 
ornitine decarbocylase were used as control for good cDNA synthesis and normalization. 
Fold changes of RNA expression are calculated separately for each gene by dividing 
normalized RNA levels of superoxide treated cells by normalized RNA levels of control 
cells.  
 
Table 1. Oligonucleotide primers used for real-time quantitative PCR.  
 
cDNA Forward primer sequence Reverse primer sequence 

Prx1 GCATGGATTAACACACCCAAGAA GGTGCGCTTGGGATCTGATA 

NQO1 TGGATAGTTCTGCCACGGCT CGGCTACACCTCTCCCTGATT 

NQO2 GCTGGATGGATAGGGTGCTGT TGACCCCAGCTTTTGTGTACAT 

SOD1 AGGACGGTGTGGCCAATGT CTTGTTTCTCGTGGACCACCATA 

SOD2 GGGAGTCCAAGGTTCAGGCT GGTTCCTTGCAGTGGGTCCT 

SOD3 GCACTCCACAGACCAACTCCTT CTGGGAGCAAACTCAAAGACTGTT 

HO-1 CCAGCCACACAGCACTACGTAA CCAGGTAGCGGGTATATGCGT 

HO-2 AAGCCTAGCCTGCAGCTCATT GGAAGAGGTCACTTGGGATAGGA 
 
 
Construction of a brain endothelial cell line overexpressing Prx1 
To generate a brain EC line overexpressing Prx1 with a C-terminal Flag-tag, the full-
length DNA sequence encoding rat Prx1 was amplified from rBCEC4 brain ECs (forward 
primer GGA TCC GCC ACC ATG TCT TCA GGA AAT GCA AAA, reverse primer GAA 
TTC TCA CTT GTC ATC GTC GTC CTT GTA GTC CTT CTG CTT AGA GAA ATA CTC) 
and inserted into the modified retroviral vector LZRS-IRES-zeocin18;19 (kindly provided by 
Dr. P.L. Hordijk, Sanquin Research, Amsterdam, The Netherlands). The resulting 
construct, LZRS-Prx1-Flag-IRES-zeocin, was transfected using calcium phosphate into 
amphotropic Phoenix retrovirus producer cells18 for the generation of helper free 
amphotropic retroviruses. Virus-containing supernatant was used to transduce rBCEC4 
brain ECs that were pretreated with 1 mg/ml DEAE-dextran. After 20 h, cells were 
allowed to recover in fresh medium. Transduced rBCEC4 cells were selected with 25 
µg/ml Zeocin (Invitrogen). Expression of Prx1-Flag was assessed by western blot 
analysis. 
 
Immunoblotting 
For immunoblotting analyses, rBCEC4 cells and rBCEC4-Prx1 cells were grown to 
confluence in collagen-coated 6 well plates. Cells were treated overnight with superoxide 
(generated with 0,02 U/ml xanthine oxidase and 100 µM hypoxanthine) or hydrogen 
peroxide (100 µM, Sigma, St. Louis, USA). Cell homogenates were prepared by lysis on 
ice with NP40 lysis buffer (50 mM Tris/HCl (pH 8,0), 0,15 M NaCl, 1 mM EDTA, 1% 
NP40) supplemented with 1 mM aprotinin, 1 mM pefablock, and 1 mM leupeptin and 5% 
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β-mercaptoethanol. Cell lysates were heated at 95oC for 5 minutes. Proteins were 
separated by SDS-polyacrylamide gel electrophoresis and blotted onto nitrocellulose 
membranes. Membranes were blocked with 5% low fat milk powder and incubated with 
mouse anti-Flag antibody (1:1000, Sigma-Aldrich) or rabbit anti-peroxiredoxin antibody 
(1:1000, Alexis Biochemicals, Lausen, Switzerland). Immunoreactive proteins were 
detected with horseradish peroxidase-conjugated secondary antibodies (1:1000, Vector 
Laboratories, Burlingame, CA, USA) and visualized using an enhanced 
chemoluminescence detection kit (Pierce, Rockford, IL, USA). Protein band intensity was 
quantified using ImageQuant TL software (Amersham Biosciences, NJ, USA). Prx1 
protein expression was quantified relative to actin expression. 
 
Flow cytometric analysis 
Flow cytometric analysis of ICAM-1, VCAM-1, and PECAM-1 expression was performed 
as described 20. Brain ECs were detached from 24-well culture plates by collagenase 
type I treatment (1 mg/ml, Sigma, St. Louis, USA). Washed cells were incubated with 
monoclonal mouse anti-rat antibodies directed against ICAM-1 (1 µg/ml, 1A29, gift from 
Dr. T. Tamatani) or VCAM-1 (1 µg/ml, 5F10, gift from Dr. R. Lobb, Biogen, Cambridge, 
USA) for 30 min at 4°C. Binding was detected using FITC-conjugated goat anti-mouse 
antibodies (1 µg/ml; Molecular Probes, Eugene, Oregon, USA). Omission of primary 
antibodies served as negative control. Fluorescence intensity was measured using a 
FACSCalibur flow cytometer (Becton & Dickinson, San Jose, CA, USA). The mean 
fluorescence intensity of 10,000 viable cells, selected by 7-amino actinomycin D 
exclusion (7AAD, Molecular Probes, Eugene, Oregon, USA), was used as a measure for 
the expression of ICAM-1 and VCAM-1.  
 
Cell viability assay 
Cell viability was assayed by flow cytometry. rBCEC4 cells or rBCEC4-Prx1-Fg cells 
were grown to confluence in collagen-coated 24 well plates and exposed for 2 hours to 1 
mM or 10 mM hydrogen peroxide (Sigma, St. Louis, USA). Cells were detached by 
collagenase type I treatment, washed with PBS and 7AAD was added (1:500, Molecular 
Probes, Eugene, Oregon, USA). The percentage of 7AAD negative cells, analysed by 
flow cytometry, was used as a measure for cell viability. 
 
Monocyte adhesion 
Monocyte adhesion to brain endothelium was analysed as described previously14 using 
the NR8383 monocytic cell line and confluent monolayers of rBCEC4 or rBCEC4-Prx1-
Fg. 1x106 NR8383 cells were fluorescently labeled with 0.5 µM BCECF-AM (Molecular 
Probes, Eugene, Oregon, USA) and added to rBCEC4 or rBCEC4-rPrx1-Flag 
monolayers. Brain ECs were treated with superoxide (generated with 0,02 U/ml xanthine 
oxidase and 100 µM hypoxanthine) 2 hours prior to the adhesion assay. The adhesion 
assay was performed in the absence of superoxide as previously described3. Monocytes 
were allowed to adhere for 30 minutes at 37°C and 5% CO2. After incubation, non-
adherent cells were removed and adhered cells were lysed with 0.1 M NaOH. 
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Fluorescence intensity was measured (FLUOstar Galaxy, BMG Labtechnologies, 
Offenburg, Germany; excitation 485 nm, emission 520 nm) and the number of adhered 
monocytes was calculated using a calibration curve.  
 
Monocyte migration 
Monocyte migration was studied using a time-lapse video-microscopy migration assay, 
as described previously3. Brain endothelial monolayers were established using rBCEC4 
or rBCEC4-Prx1-Fg cells. Brain ECs were either untreated or treated with superoxide 
(generated with 0,02 U/ml xanthine oxidase and 100 µM hypoxanthine) 2 h prior to 
addition of monocytes. 6 x 105/ml NR8383 cells were added to the endothelial cell 
monolayers and the number of migrated monocytes was assessed after 4 h. The 
migration assay was performed in the absence of superoxide. 
 
Electrical Cell Substrate Impedance Sensing (ECIS) Assay 
ECISTM Model 1600R (Applied BioPhysics, NY, USA) was used to measure 
transendothelial electrical resistance (TEER) in confluent monolayers of rBCEC4 and 
rBCEC4-Prx1-Fg cells. In short, 250 µl of cell suspension (1.6x106 cells per ml) was 
seeded to each well of an 8W10 ECIS array equilibrated with EC growth medium and 
coated with collagen. Endothelial integrity was measured in real-time as described21. 
 
Statistical analysis 
Data were analyzed statistically by means of analysis of variance (ANOVA) and Student-
Newman-Keuls test. Statistical significance was defined as p<0.05. 
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Figure 1. 2D-gel electrophoresis separation of proteins obtained from brain ECs treated 16 h with 
superoxide. Inserts give enlargements of spots 1 (upper insert) and spot 4 (lower insert) in control cells versus 
cells treated with superoxide. Spot assignment is given in Table 1.  
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Table 2. Proteins differentially expressed in rBCEC4 cells after overnight exposure to superoxide. 
 
Spot 
no. 

Protein identity Protein function Swiss-Prot 
accession 

~Molecular 
weight 
(theoretical 
values*)) (kDa) 

Increased expression after exposure to superoxide 

1 Malate 
dehydrogenase 2, 
NAD (mitochondrial) 

Metabolic enzyme Q8R1P0 34 (35) 

2 Mitochondrial H+-ATP 
synthase α subunit 

Produces ATP from ADP in the 
presence of a proton gradient 
across the membrane 

Q6P753 25 (31) 

3 Calreticulin† Calcium-binding protein of the 
ER 

Q6EE32 16 (47) 

4 Peroxiredoxin-1 Peroxidase activity Q9JKY1 23 (22) 

Decreased expression after exposure to superoxide 

5 MGC64442 protein Isocitrate dehydrogenase 
activity (NADP+); 
oxidoreductase activity 

Q7SYW4 40 (52) 

6 Isocitrate 
dehyrogenase 1 
(NADP+) precursor 

Isocytrate dehydrogenase; 
glutathione metabolism 

Q8RYD5 40 (46) 

7 Glyceraldehyde-3-
phosphate 
dehydrogenase 

Glycolytic enzyme Q9QWU4 35 (36) 

8 Atp5b protein† Produces ATP from ADP in the 
presence of a proton gradient 
across the membrane 

Q8CI65 15 (57) 

9 Atp5b protein† Produces ATP from ADP in the 
presence of a proton gradient 
across the membrane 

Q8CI65 14 (57) 

10 Destrin Actin-binding protein Q7M0E3 16 (18) 

11 Actin Cytoskeleton component Q6DTM0 35 (42) 

12 β-actin† Cytoskeleton component Q9IAM6 12 (42) 

13 β-actin† Cytoskeleton component Q9IAM6 10 (42) 

 
*) according to http://www.expasy.ch/. 
†) Possible degradation product 
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Results 
Superoxide induces alterations in brain EC protein expression  
To study the effect of long-term exposure to superoxide on protein expression in brain 
ECs, confluent monolayers of rBCEC4 cells were treated overnight with superoxide and 
proteins were separated using 2DE. Superoxide treatment did not affect cell viability as 
assessed by neutral red viability assay (according to Haseloff et al, 199722, data not 
shown). Approximately 500 spots were detected on 2D gels by CBB G-250 staining 
(Figure 1), of which a fraction showed altered intensity after superoxide treatment. The 
inserts of figure 1 demonstrate changes in spot intensity after superoxide treatment of 
malate dehydrogenase 2 (spot 1) and peroxiredoxin-1 (spot 4). Mass spectrometry 
identification of a selection of spots revealed altered expression of glycolytic enzymes, 
metabolic enzymes, cytoskeleton proteins, and redox related proteins (Table 2). In line 
with the assumption that dysregulation of redox balance is involved in cellular migration 
across the BBB, we selected one of the proteins involved in redox regulation, 
peroxiredoxin-1 (Prx1), for further investigations. Western blot analysis confirmed that 
superoxide induced enhanced expression of Prx1 in brain ECs (Figure 2). 
 

 
 
 
 
 
 
 
 
 
Figure 2. Superoxide enhances Prx1 protein 
expression in brain ECs. Western blot analysis (A) 
and quantification (B) of Prx1 expression in rBCEC4 
cells treated with superoxide (O2

-) or hydrogen 
peroxide (H2O2) for 16 h. Actin was used as a control 
for protein loading. Prx1 protein expression is 
expressed relative to actin and is presented as 
percentage of control. 
 

 
Superoxide exposure alters gene expression of brain ECs  
Proteomics revealed altered expression of redox proteins MGC64442 protein and Prx1. 
In addition to protein expression, we studied the effect of superoxide on gene expression 
of antioxidant enzymes in brain ECs using real time quantitative PCR. Superoxide rapidly 
enhanced mRNA expression of heme oxygenase 1 (HO-1, maximum fold change mRNA 
expression of 4.4 ± 1.61 at t=2 hr, p<0.05), which remained elevated up to 6 hr after 
addition of superoxide. In addition, superoxide induced enhanced expression of 
superoxide dismutase 2 (SOD2, maximum fold change mRNA expression of 3.5 ± 0.40 
at t=8 hr, p<0.05) and NAD(P)H:quinone oxidoreductase 1 (NQO1, maximum fold 
change mRNA expression of 3.0 ± 0.73 at t=6 hr, p<0.05). Expression of the antioxidant 
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enzymes NQO2, HO-2, SOD1, and SOD3 was not significantly changed after exposure 
to superoxide (data not shown). Interestingly, gene expression of Prx1 was also 
unchanged in brain ECs after exposure to superoxide (Figure 3). 
 
Characterization of Prx1-overexpressing brain ECs 
We selected one of the proteins regulated by superoxide treatment, which is involved in 
redox regulation, Prx1, for further investigation. For this purpose, we established a brain 
EC line stably overexpressing Flag-tagged Prx-1 (rBCEC4-Prx1-Fg). Overexpression of 
Prx-1 did not affect morphology of brain ECs (data not shown). Quantitative PCR and 
western blot analysis show that rBCEC4-Prx1-Fg cells express enhanced mRNA (3.4 ± 
0.39 fold increased Prx1 gene expression, p<0.001, Figure 4A) and protein (Figure 4B) 
levels of Prx1 compared to parental rBCEC4 cells, and that the Flag-tag is present in 
these cells (Figure 4B). Gene expression of other antioxidant enzymes, such as NQO1, 
HO-1, and SOD2, was not affected by Prx1 overexpression (data not shown). Increased 
levels of Prx1 enhanced cellular resistance to oxidative stress induced by hydrogen 
peroxide (Figure 4C).  
 

 
 

Figure 3. Superoxide induces alterations in mRNA expression in brain ECs. Gene expression of the 
antioxidant enzymes HO-1, SOD2, NQO1, and Prx1 was analyzed in brain ECs at various time points upon 
superoxide treatment using quantitative PCR. Data are presented as fold change mRNA expression compared to 
control and expressed as mean ± SEM of four independent experiments measured in duplicate. *, #, and ‡ 
indicate significant difference of NQO1 (*), SOD2 (#), and HO-1 (‡) mRNA expression between control and 
superoxide-treated brain endothelium (p<0.05). 
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Prx1 overexpression affects monocyte adhesion to and migration across brain ECs 
Since ROS contribute to transendothelial migration of monocytes, we studied in vitro 
whether Prx1 overexpression affected monocyte adhesion to brain ECs. Monocyte 
adhesion is significantly reduced in both untreated rBCEC4-Prx1-Fg cells (15 ± 2.3% 
reduction, p<0.001) and rBCEC4-Prx1-Fg treated with superoxide 2 hr prior to monocyte 
adhesion (18 ± 3.5% reduction, p<0.01), compared to parental rBCEC4 cells (Figure 5A). 
Superoxide significantly enhanced monocyte adhesion to rBCEC4 cells (11 ± 4.5% 
increase, p<0.05, Figure 5A), but not to rBCEC4-Prx1-Fg cells (8 ± 3.5% increase, not 
significant, Figure 5A). 
 
 
 

 
 
Figure 4. Characterization of rBCEC4-Prx1-Fg cell line. (A), Quantitative PCR of Prx1 mRNA expression in 
rBCEC4 cells and Prx1-Flag overexpressing cells (rBCEC4-Prx1-Fg). Data are expressed as relative amount of 
Prx1 mRNA after normalization for ornithine decarboxylase expression and presented as mean ± SEM of three 
individual quantitative PCR experiments performed in duplicate. (B), Western blot analysis of Prx1 and Flag 
protein expression in rBCEC4 and rBCEC4-Prx1-Fg cells. RBCEC-Prx1-Fg cells express higher levels of Prx1 and 
Flag. In parental rBCEC4 cells no Flag is detected. Actin was used as a control for protein loading. (C), Viability 
after exposure to 1 or 10 mM hydrogen peroxide was assayed via 7AAD exclusion by flow cytometry. Data 
expressed as percentage of 7AAD-negative cells. The graph is a representative example of three independent 
experiments. Data are expressed as the mean fluorescence intensity ± SD of 3 individual samples per time point. * 
p<0.05 vs control (ANOVA followed by Student’s t test). 
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Next, we studied the effect of Prx1 overexpression in brain ECs on transendothelial 
migration of monocytes in vitro. Figure 5B demonstrates that monocyte migration across 
rBCEC4-Prx1-Fg cells is significantly reduced (10 ± 3.6 % reduction, p<0.05) compared 
to parental rBCEC4 cells. In addition, when brain ECs were treated with superoxide 2 h 
prior to addition of monocytes, monocyte migration was reduced in rBCEC4-Prx1-Fg 
cells (18 ± 6.1% reduction, p<0.05) compared to parental rBCEC4 cells. Superoxide 
significantly enhanced monocyte migration in both rBCEC4 cells (61 ± 9.6% increase, 
p<0.001) and rBCEC4-Prx1-Fg cells (53 ± 6.1% increase, p<0.001). 
 

 
Figure 5. Effect of Prx1 overexpression on monocyte adhesion and transendothelial migration. (A, B), 
Monocyte firm adhesion to monolayers of rBCEC4 cells (black bars) or rBCEC4-Prx1-Fg cells (grey bars), which 
were cultured for 48 h with (B) or without (A) IFNγ and IL1-β. Brain ECs were either untreated or treated with 
superoxide 2 h prior to monocyte adhesion. The adhesion assay was performed in the absence of superoxide. 
Data are presented as percentage of monocyte adhesion to control rBCEC4 cells and expressed as the mean ± 
SEM of six individual wells of three independent experiments. * p < 0.05, ** p <0.01, *** p< 0.001 (ANOVA, post-
hoc Student-Newman-Keuls test). (C), Endothelial expression of ICAM-1 was assayed by flow cytometric analysis. 
rBCEC4 cells (black bars) and rBCEC4-Prx1-Fg cells (grey bars) were cultured for 48 hours with our without IFNγ 
and IL1-β. Data are expressed as percentage of ICAM-1 expression in unstimulated rBCEC4 cells and presented 
as the mean ± SEM of 5 individual experiments. * p < 0.05 (ANOVA, post-hoc Student-Newman-Keuls test). (D), 
Monocyte migration across monolayers of rBCEC4 cells or rBCEC4-Prx1-Fg cells, which were either untreated or 
treated with superoxide 2 h prior to addition of monocytes. The migration assay was performed in the absence of 
superoxide. Data are presented as percentage of migrated monocytes across control rBCEC4 cells and expressed 
as the mean ± SEM of four independent experiments of 4 wells per experiment. * p < 0.05, *** p< 0.001 (ANOVA, 
post-hoc Student-Newman-Keuls test). 
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Adhesion molecules, such as ICAM-1, VCAM-1 and PECAM-1 are major modulators of 
adhesion and transendothelial migration of monocytes20. Flow cytometric analysis 
revealed that ICAM-1 expression is reduced in rBCEC4-Prx1-Fg cells compared to 
parental rBCEC4 cells (20 ± 10.0% reduction, p<0.05, Figure 5C). Exposure to 
superoxide for 2 h did not affect adhesion molecule expression (data not shown). The 
rBCEC4 cell line expresses low levels of VCAM-1 and PECAM-1 and overexpression of 
Prx1 did not affect expression of these adhesion molecules (data not shown).  
 
Prx1 overexpression enhances the integrity of brain endothelial monolayers 
To investigate the influence of Prx1 on the integrity of the brain endothelial barrier in 
vitro, TEER of rBCEC4 and rBCEC4-Prx1-Fg monolayers was measured time-
dependently (Figure 6). Monolayers of rBCEC4-Prx1-Fg (maximum TEER 952 ± 22.3) 
developed a higher TEER than rBCEC4 cells (maximum TEER 894 ± 22.2, p<0.05), 
indicating that Prx1 expression enhances the integrity of a brain endothelial monolayer. 
 
 

 
 

 
 
 
 
 
 
 
 
Figure 6. Prx1 overexpression enhances the 
integrity of brain endothelial monolayers. TEER was 
measured in real-time in confluent monolayers of 
rBCEC4 and rBCEC4-Prx1-Fg. Data are expressed as 
mean ± SEM of 4 samples. 
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Discussion 
Here, we studied responses in brain ECs to long term ROS exposure by 2D gel 
electrophoresis and quantitative PCR. We demonstrate that superoxide induces 
alterations in brain endothelial protein expression, including proteins involved in cellular 
redox balances. Overexpression of one of the regulated proteins, Prx1, protects brain 
ECs from ROS-induced damage and increases brain endothelial integrity. In addition, 
enhanced expression of Prx1 in brain ECs reduces adhesion and transendothelial 
migration of monocytes, suggesting that upregulation of Prx1 may be protective against 
cellular influx in the CNS. 

We demonstrate that long-term exposure of brain ECs to superoxide induces 
alterations in protein expression of cytoskeleton proteins (e.g. destrin and actin), 
metabolic enzymes (e.g. malate dehydrogenase and glyceraldehyde-3-phosphate 
dehydrogenase), proteins of the endoplasmic reticulum (e.g. calreticulin), and proteins 
involved in redox regulation (e.g. Prx1 and MGC6442 protein). Proteomic techniques 
have been applied to study protein expression in brain ECs in various pathological 
conditions23-25. Recently, Haseloff and coworkers described similar alterations in protein 
expression of calreticulin and actin proteins in brain ECs after hypoxia/reoxygenation16, a 
pathological condition during which ROS are produced abundantly1. However, in that 
study, enhanced expression of glyceraldehyde-3-phosphate dehydrogenase was found, 
while we observed reduced expression of this protein. Moreover, a number of proteins 
that were regulated after long-term exposure to superoxide, such as Prx1 and the actin 
binding protein destrin, were not identified in cells exposed to hypoxia/reoxygenation, 
and vice versa. Differences between the studies may be attributed to restrictions of 2D 
gelelectrophoresis, but they may also arise from specific effects of superoxide versus 
hypoxia/reoxygenation on brain endothelium, e.g. with respect to the increased 
expression of proteins involved in the glycolytic pathway, such as glyceraldehyde-3-
phosphate dehydrogenase. Despite the differences, similar groups of proteins were 
regulated after hypoxia/reoxygenation and superoxide exposure, like metabolic 
enzymes, proteins of the endoplasmic reticulum and cytoskeleton proteins, that may part 
of general responses to oxidative stress. 

One of the proteins that was upregulated upon long term exposure to superoxide 
was the antioxidant enzyme Prx1. Prx1 belongs to the family of peroxiredoxins (Prxs), 
which consists of six distinct groups (Prxs1-6) of thio-specific antioxidant proteins that 
are involved in the enzymatic degradation of hydrogen peroxide, organic hydroperoxides 
and peroxynitrite26. Prxs also play a role in redox signaling, cell proliferation, 
differentiation and gene expression26;27. In addition, Prx1 participates in cell survival by 
enhancing the expression of the pro-survival factor protein kinase B28. Previous reports 
demonstrated an upregulation of Prx1 in response to different forms of oxidative stress in 
a variety of cell types, including macrophages, vascular smooth muscle cells and 
pancreatic beta cells29-32. However, this is the first report describing an upregulation of 
Prx1 protein expression in brain ECs after exposure to superoxide.  
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Gene expression of Prx1 is regulated through redox sensitive transcription factors Nrf2 
and AP127. We here show that transcription of other Nrf2-regulated genes, such as 
NQO1, HO-1, and SOD2, is increased after exposure to superoxide, indicating that 
superoxide induces the transcriptional activation of the Nrf2 pathway in brain ECs. 
Surprisingly, protein expression of Prx1 was increased, while mRNA expression of Prx1 
was unaffected by superoxide. Possibly, either the protein turnover rate or translation 
efficiency for Prx1 is regulated by superoxide rather than gene transcription. 
Interestingly, Bast and colleagues observed a similar discrepancy between Prx2 mRNA 
and protein expression in pancreatic beta cells after exposure to various stress agents32. 
Besides enhanced Prx1 protein levels, we observed a change of spot intensity towards 
higher molecular weight, which could comprise a larger fraction of post-translationally 
modified protein after superoxide treatment33;34. 

Overexpression of Prx1 in brain ECs reduced ROS-induced cell death, which is in 
line with its peroxidase function and with previous studies describing protective effects of 
Prx1 and Prx2 against hydrogen peroxide-induced cell damage in a variety of cell 
types35-37. In this study we also demonstrate that enhanced protein levels of Prx1 in brain 
ECs significantly reduce monocyte adhesion and subsequent transendothelial migration. 
ICAM-1 plays a pivotal role during monocyte adhesion to brain endothelium20. Here we 
show that enhanced Prx1 protein expression leads to a reduction of ICAM-1 expression 
on brain ECs, which may explain reduced monocyte adhesion and subsequent 
transendothelial migration. Expression of ICAM-1 is regulated by the transcription factor 
NFκB38, a redox-sensitive transcription factor that can be activated by oxidants39. It has 
been described that both Prx2 and Prx4 reduce hydrogen-peroxide induced NFκB 
activation40;41, and our data suggest that Prx1 may affect ICAM-1 expression through 
similar mechanisms. Overexpression of another Prx family member, Prx2, protects a 
peripheral endothelial cell line from inflammation-induced monocyte adhesion36, 
suggesting a general protective role of Prxs against transendothelial migration. 

Monolayers of brain ECs overexpressing Prx1 revealed higher TEER, suggesting 
that Prx1 expression enhances the integrity of the brain endothelial barrier. Therefore, 
besides a reduction of ICAM-1 expression on brain ECs, Prx1 overexpression may also 
affect monocyte migration through an enhancement of the brain endothelial barrier 
function. Earlier studies demonstrated that agents that enhance BBB integrity, such as 
statins, in parallel reduce transendothelial migration of monocytes and lymphocytes42. In 
addition, Prx1 may reduce monocyte migration by scavenging ROS. We previously 
showed that ROS are produced upon the interaction of monocytes with brain ECs and 
affect the integrity of the brain endothelial monolayer, thus facilitating monocyte 
trafficking2. Here we show that superoxide enhances monocyte adhesion and migration 
across brain endothelium, which is in line with previous data from our group3. Enhanced 
expression of Prx1 may diminish the effect of ROS on brain endothelial integrity, thus 
reducing transendothelial migration of monocytes. Induction of multiple antioxidant 
enzymes may reduce monocyte migration even more potently. 

In conclusion, we propose that the induction of Prx1 is part of an adaptive response 
to oxidative stress in brain ECs. In addition, we show that the induction of Prx1 affects 
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transendothelial migration of monocytes via a reduction of adhesion molecules 
expression and an enhancement of brain endothelial layer integrity. Agents that induce 
protein expression of Prx1, or multiple antioxidant enzymes, may be therapeutic tools to 
limit cellular infiltration into the CNS and modulate oxidative stress-related neurological 
diseases. 
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