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Abstract

A critical early event in the pathogenesis of atherosclerosis is vascular inflammation
leading to endothelial dysfunction (ED). Reactive oxygen species and inflammation are
inextricably linked and declining antioxidant defence is implicated in ED. We have
previously shown that Glutathione peroxidase-1 (GPx1) is a crucial antioxidant enzyme
in the protection against diabetes-associated atherosclerosis. In this study we aimed to
investigate mechanisms by which lack of GPx1 affects pro-inflammatory mediators in
primary aortic endothelial cells (PAECs) isolated from GPx1 knockout (GPx1 KO) mice.
Herein, we demonstrate that lack of GPx1 prolonged TNF-a induced phosphorylation of
P38, ERK and JNK, all of which was reversed upon treatment with the GPx1 mimetic,
ebselen. In addition, Akt phosphorylation was reduced in GPx1 KO PAECs, which
correlated with decreased nitric oxide (NO) bioavailability as compared to WT PAECs.
Furthermore, IxB degradation was prolonged in GPx1 KO PAECS suggesting an
augmentation of NF-kB activity. In addition, the expression of vascular cell adhesion
molecule (VCAM-1) was significantly increased in GPx1 KO PAECs and aortas. Static
and dynamic flow adhesion assays showed significantly increased adhesion of
fluorescently labeled leukocytes to GPx1 KO PAECS and aortas respectively, which
were significantly reduced by ebselen treatment. Our results suggest that GPx1 plays a
critical role in regulating pro-inflammatory pathways, including MAPK and NF-«xB, and
down-stream mediators such as VCAM-1, in vascular endothelial cells. Lack of GPx1,
via effects on p-AKT also affects signaling to eNOS-derived NO. We speculate based on
these results that declining antioxidant defences as seen in cardiovascular diseases, by
failing to regulate these pro-inflammatory pathways, facilitates an inflammatory and

activated endothelium leading to ED and atherogenesis.
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1. Introduction

A critical early event in the pathogenesis of cardiovascular diseases such as
atherosclerosis is vascular inflammation. This inflammatory process drives a phenotypic
change in the vascular endothelium from a protective state, where it maintains a non-
adhesive and non-thrombogenic surface, to an activated state, characterized by increased
adhesion of leukocytes[1]. The increase in leukocyte-endothelial interactions is driven
mainly through the up-regulation of endothelial cell adhesion molecules, in particular
vascular cell adhesion molecule-1 (VCAM-1)[2]. Up-regulation of this cellular adhesion
molecule is induced by pro-inflammatory cytokines, such as tumor necrosis factor (TNF-
a) and reactive oxygen species (ROS), both of which are prominent in the inflammatory
environment. TNF-a and ROS induce adhesion molecule gene expression via the
activation of several signaling pathways[3, 4]. Most importantly, TNF-o and ROS have
been shown to activate the MAPK pathway, in particular extracellular signal-regulated
kinase 1/2 (ERK1/2), c-Jun N-terminal kinase (JNK) and P38, as well as the redox-
sensitive transcription factor, nuclear factor-xB (NF-«B)[3]. In addition, TNF-a can
directly stimulate an increase in ROS production in endothelial cells[5]. Consequently,
the activation of these pathways promotes vascular adhesion molecule expression and
resultant vascular inflammation and dysfunction.

In addition to vascular inflammation, endothelial dysfunction is driven by
compromised nitric oxide (NO) bioavailability, which is a well-recognized contributor to
the initiation and progression of atherosclerosis. NO, produced in endothelial cells by
constitutively expressed endothelial nitric oxide synthase (eNOS), exerts its protective
vascular effects by limiting ROS and adhesion molecule expression. The activity of
eNOS is greatly influenced by its phosphorylation status at a critical serine residue at
position 1177 by protein kinase B (Akt), which in turn is sensitive to oxidative stress[6,
7]. During inflammation, the activation of inflammatory pathways and the increase in
ROS result in scavenging of NO by superoxide, resulting in the production of another
potent ROS, peroxynitrite. This results in the overall downregulation of eNOS function,
thereby reducing eNOS-derived NO and its beneficial protective effects[8].

In order to maintain vascular homeostasis, the production of ROS is balanced

by the activities of antioxidant enzymes, such as glutathione peroxidase (GPx),
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superoxide dismutase (SOD), catalase, and peroxiredoxins. GPx1 is the most abundant
isoform of the selenocysteine-containing GPx protein family, and is responsible for the
detoxification of hydrogen peroxide, lipid peroxides and peroxynitrites, ROS species
known to damage DNA, lipids and proteins respectively. Mounting evidence now
supports an important role for GPx1 in the protection against various cardiovascular
pathologies. For example, in humans, GPx1 activity was shown to be a strong and
independent risk factor for cardiovascular events, both in diabetes and coronary artery
disease settings[9, 10]. In experimental models, GPx1 deficiency led to endothelial
dysfunction, impaired angiogenesis, and increased infarct size and vascular permeability
following ischemia/reperfusion injury[11, 12]. Moreover, recent data from our
laboratory[13] and others[14] have demonstrated that lack of GPx1 confers susceptibility
to atherosclerosis in diabetic and hyperlipidemic settings respectively. In a recent study
by Lubos et al.,[15] in human endothelial cells silenced for GPx1 expression, it was
demonstrated that lowering of GPx-1 activity accelerates oxidative stress and augments
NF-kB and JNK activation. Collectively, these studies strengthen the notion that GPx1
plays a major role in vascular homeostasis.

There is a strong clinical need for the development of novel antioxidants to
lessen atherosclerotic burden. We have previously suggested that a targeted antioxidant
strategy that augments endogenous antioxidant defences is more likely to succeed
clinically in reducing atherogenic burden than vitamins such as vitamins C and E[16].
Our laboratory has focused on the cardiovascular protection afforded by a lipid-soluble
low molecular weight seleno-organic GPx mimetic, ebselen (Eb). Indeed, we demonstrate
a significant reduction in atherosclerosis and pro-inflammatory mediators after treatment
of diabetic mice with ebselen [17, 18].

In the current study, we further investigate the role of GPx-1 in modulating
inflammatory pathways that contribute to atherogenesis in primary aortic endothelial cells
(PAEC) isolated from wild type (WT) and GPx-1 knockout (KO) mice. Additionally, we
investigate leukocyte-endothelial cell interactions ex-vivo in aortas from GPx1 KO mice
and the effect of ebselen on these pro-inflammatory pathways and interactions. We now
demonstrate that lack of GPx-1 results in sustained activation of the MAPK and NF-xB

pathways, and increased leukocyte adherence to the vascular endothelium, all of which
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are rescued with ebselen treatment. Additionally, lack of GPx1 reduces AKT signalling
and NO bioavailability. We discuss our findings in light of the impact of reduced
antioxidant defense, and in particular, GPx1, on the vascular endothelium and endothelial

dysfunction as well as the therapeutic benefits of augmenting GPx1-like defenses.

2. Methods

2.1. Animals
All animal experiments were approved by the Alfred Medical Research and Education
Precinct (AMREP) animal ethics committee and investigations conformed to National
Health and Medical Research Council (NHMRC; Australia) guidelines. GPx1 KO and
WT mice were bred at the AMREP Precinct Animal Centre (PAC). GPx1 KO mice were
bred onto the C57/BL6J background (10 generations). WT mice of the same background
were generated via Mendelian segregation through the mating of heterozygous C57/BL6J
GPx-1 and maintained as a separate line[19]. Male mice between the ages of 8-10 weeks

were used for the experiments.

2.2. Isolation of primary aortic endothelial cells
PAECs were isolated from WT and GPxl KO mice as described previously with
modifications[20]. Briefly, aortas were dissected from WT and GPx1 KO mice and
cleaned of peripheral fat in saline. A 22-gauge cannula was then inserted into the
proximal portion and tied with a silk suture. Vessels were then perfused with Dulbecco’s
Modified Eagles Medium (DMEM) containing 0.2% collagenase and allowed to incubate
at 37°C for 45 minutes. Next, vessels were perfused with DMEM containing 20% fetal
bovine serum (FBS) and incubated at 37°C for 2 hours. Isolated cells were grown in
primary endothelial cell media for 2-3 weeks until confluence. Upon confluency, WT and
GPx1 KO PAECs were characterized by the gene expression of cell-specific markers, in
particular endothelin A (ETA), endothelin B (ETB), smooth muscle actin (SMA), platelet
endothelial cell adhesion molecule (PECAM-1) and GPx1. Additionally, the protein

expression of GPx1 was confirmed by Western Blot.
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2.3. Cell culture
WT and GPx1 KO PAECs were grown in EGM-2 media (Lonza) supplemented with
10% FBS at 37°C in 5% COaz. Experiments were performed on cells from passages 3 to 8.
Upon 90% confluency, cells were serum starved for 8 hrs followed by stimulation with
TNF-a (20ng/ml) for 15, 30 and 60 minutes. For analysis of VCAM-1 expression, cells
were not serum starved prior to exposure to 20ng/ml TNF-a which was increased to 6hr.
In some experiments, cells were treated with 0.01uM ebselen for 15, 30 or 60 min which
included pre-treatment for 30 min. In previously published studies in human AECs, we
have established that 0.01-0.03uM ebselen was optimal for the inhibition of JNK and
IKK activation, without compromising cell viability[17]. Initial experiments showed
similar responses in PAEC (data not shown) and 0.01uM was chosen for all subsequent

experiments.

2.4. Western Blotting
PAECs were washed twice with PBS and protein was isolated using RIPA buffer as
described previously[17]. Protein concentration was determined using the BCA protein
kit. Protein samples (45ug) was separated on 10% SDS-polyacrylamide gels at 150V and
transferred to Nitrocellulose membranes and blocked as described previously[21]. The
membranes were then incubated with either rabbit polyclonal anti-GPx1 antibody (1:100;
Abcam Ltd, Cambridge, UK, ab1877), rabbit monoclonal anti-VCAM-1 (1:1000; Abcam,
UK, ab29473), rabbit polyclonal anti-phospho JNK (Thr183/Tyr185) (1:1000; Cell
Signaling Technology, Inc.#9251), rabbit polyclonal anti-phospho ERK (1:1000; Cell
Signaling Technology, Inc.#9101), rabbit polyclonal anti-phospho P38 (1:1000; Cell
Signaling Technology, Inc.#9211), rabbit polyclonal anti-phospho Akt (1:1000; Cell
Signaling Technology, Inc. #9271) or rabbit monoclonal anti-phospho IKKo/f
(Ser176/180) (1:1000; Cell Signaling Technology, Inc #2697) antibodies overnight at
4°C. Pierce ImmunoPure Goat anti rabbit IgG, peroxidase conjugated was used as
secondary antibody for 1h. Total MAP kinase signaling was detected with appropriate
antibodies (1:1000 Cell Signaling Technology, Inc. # 9252 (JNK), #9102 (ERK),
#9212(p38)) and Akt (1:1000), #9272)). All membranes were hybridised with a
monoclonal a-tubulin antibody (Clone B-5-1-2, Sigma, MO, USA) and visualized using
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the ECL Advance Western Blotting detection kit. Signals were quantitated by
densitometry using Quantity One (Bio-Rad, Hercules, CA, USA). Data are expressed

relative to a-tubulin and 4 independent experiments were analysed.

2.5. Cell proliferation assays

WT and GPx1 KO PAECs were seeded in 12 well plates at a concentration of 20,000
cells/well. After overnight attachment, sub confluent monolayers were serum starved in
DMEM with 0.2% FBS for 24 hours. Following which, a basal cell count was performed
using the Tali image-based cytometer. Normal PAEC media was then replaced and cell
counts were performed at 24 and 48 hours using the Tali image-based cytometer. In
addition the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) assay (Sigma
Aldrich), which detects living but not dead cells, was performed. Briefly, WT and GPx1
KO PAECs were seeded in 96 well plates at a concentration of 2,000 cells/well. After
overnight attachment, sub confluent monolayers were serum starved in DMEM with
0.2% FBS for 24 hours. Following which, the media was replaced with normal PAEC
media for a further 24 or 48 hours. MTT (5mg/ml) dissolved in DMEM was then added
to the wells and incubated for 4 hours. The media was then aspirated from the adherent
cells and 100ul DMSO/isopropanol was added to the wells to dissolve the formazen
crystals. The plate was then read on the Biorad plate reader at 570nm.

2.6. In vitro and Ex vivo vessel leukocyte-adhesion assays.
Monocyte-endothelial interactions were determined by performing in vitro static cell
adhesion assays as described previously by our group (ref). Briefly, WT and GPx1 KO
PAECs were treated with TNF-a (1ng/ml) in the presence or absence of 0.01uM ebselen
(30 minute pre-treatment). In the meantime, human monocytic THP-1 cells were labeled
with the CellVue Burgundy fluorescent labeling kit (Affymetrix) as per the
manufacturer’s instructions and incubated with treated PAECs for 20 minutes at 37°C.
Thereafter, PAECs were washed twice with phosphate-buffered saline (PBS), fixed with
10% NBF and plates were scanned using an Odyssey infra-red scanner. Fluorescence

intensity (700nm) of adherent THP-1 cells was quantified.
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Leukocyte-endothelial interactions were determined ex vivo by performing dynamic flow
adhesion assays as described previously[22]. Briefly, aortas from WT and GPx1 KO mice
were cleaned of peripheral fat in pre-warmed Krebs buffer. Aortas were then incubated
with TNF-a (5ng/ml) in the presence or absence of ebselen (100ug/ml) for 4 hours.
Vessels were then carefully mounted on each end of a cannula in a vessel chamber
containing pre-warmed Krebs buffer. Whole human blood (5ml/vessel) was obtained
from healthy volunteers and labeled with VybrantDil (1:1000) for 10 minutes at 37°C in
the dark. Labeled blood was then perfused through the vessel at a rate of 100ul/min.
Labeled leukocyte adhesion to the vascular wall was visualized using a fluorescent
microscope coupled to a digital camera recorder. Readings were taken at two fields along

the perfused vessel for 10 second durations at the 5, 10 and 15-minute time-points.

2.7. Determination of ROS
WT and GPx1 KO PAECs were incubated in phosphate buffered saline (PBS; with
Ca*"/Mg?") containing Dichloro-fluorescein diacetate (DCFDA; 5uM), an intracellular
probe to detect ROS, for 40 minutes at 37°C. Following which, the cells were washed
with PBS and incubated with PBS alone (control) or H202 (ImM) and placed into the
Omega Fluorstar reader for fluorescence detection at 485nm excitation and 530nm
emission. For L-012 assays, a chemiluminescent probe to detect superoxide, WT and
GPx1 KO PAECs were incubated with Krebs buffer containing L-012 (20uM) and placed
in a luminometer to detect L-012 enhanced chemiluminescence for 1 hour. Background
readings were subtracted and relative chemiluminescence was quantified at 30 and 60
minutes. Amplex red for the quantification of hydrogen peroxide was determined in WT
and GPx1 KO homogenates using the Amplex Red Hydrogen Peroxide/Peroxidase Assay

Kit (Molecular Probes) as per manufacturer’s instructions.

2.8. NO analysis
Cultured media from PAECs treated with TNF-a as indicated above in section 2.3 was
collected and NO measurements were performed using a using a NO-specific
chemiluminescence analyzer as described previously[23]. Results are reported as pmol of

nitrite per 10° cells.
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2.9. Statistical analysis
All data are expressed as mean =+ standard error of mean (SEM). Comparison between
groups were analysed by performing one-way ANOVA with Newman-Keuls post hoc
testing. For the dynamic flow adhesion assay, a two-way ANOVA followed by a
Bonferroni post-hoc test was performed. All statistical analyses were performed using
GraphPad Prism version 6.0 (GraphPad Software, La Jolla, CA, USA). A P value <0.05

was considered statistically significant.

3. Results

3.1 Characterization of GPx1 KO PAECs
WT PAECs exhibited protein expression of GPx1, which was completely undetected in
GPx1 KO PAECs, confirming the phenotype of these cells (Fig. 1A). RT-PCR was
performed for the detection of specific endothelial genes, such as ETA, ETB and
PECAM-1, in GPx1 KO and WT PAECs. WT and GPx1 KO PAECs expressed high
levels of ETA, ETB and PECAM-1 (data not shown). Furthermore, both WT and GPx1
KO PAECs demonstrated abundant VE-Cadherin, a vascular endothelial specific
intracellular junction protein, by immunofluorescence (Supplementary figure 3A).
Importantly, as compared to vascular smooth muscle cells (SMC), WT and GPx1 KO
PAECs exhibited neglible smooth muscle actin gene expression (Supplementary Figure
3B), indicating minimal contamination by SMC in the endothelial cells lines.
Furthermore, GPx1 KO PAECs demonstrated significantly increased levels of
endogenous ROS as detected by DCF fluorescence (a probe known to detect hydrogen
peroxide, lipid peroxides and peroxynitrite [24]) and L-012 (a probe known to detect
superoxide[25]) chemiluminescence as compared to WT PAECS (Figure 1B and 1C).
Elevations is superoxide in GPx1 KO PAECs most likely reflect upregulation of NADPH
oxidases by lipid peroxides as a consequence of reduced removal of lipid peroxides in the
GPx1 KO PAECs. In addition, hydrogen peroxide concentration as detected by the
amplex red assay was significantly higher in GPx1 KO PAECs as compared to WT
PAECs (Figure 1D). Exposure to TNF-a (2ng/ml; 30 minutes) increased hydrogen

peroxide concentration in both cells types, while pre-treatment with ebselen, a known
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GPx1 mimetic[26], reduced hydrogen peroxide levels in the GPx1 KO cells (Figure 1D).
Collectively, these results demonstrate that GPx1 KO have a reduced capacity to remove
ROS due to the lack of GPx1 as the enzyme is known to remove hydrogen peroxide, lipid
peroxides and peroxynitrites.
Cell proliferation was assessed by performing cell counts and the MTT assay after a 24
hour period of serum starvation. As seen previously in cultured GPx1 KO
fibroblasts[27], GPx1 PAEC KO cells exhibited significantly reduced proliferative
capacity in both assays as compared to WT PAECs (Figure 1E and Figure 1F and
Supplementary figure 4A). In addition, we demonstrate reduced gene expression of
proliferating cell nuclear antigen (pCNA), an essential replicating factor for eukaryotic
cells, in GPx1 KO PAECs compared with WT cells, as well as in human aortic
endothelial cells (HAECs) silenced for GPx1 with siRNA to GPx1 (Supplementary figure
4B and 4C). Together, these data support the notion that lack of GPx1 leads to slower
proliferation of cells.

3.2 Prolonged activation of inflammatory pathways in GPx1 KO endothelial

cells is rescued with ebselen pre-treatment

To determine if a lack of GPx1 alters TNF-a induced MAPK signaling pathways, we
stimulated WT and GPx1 KO PAECs with TNF-a (20ng/ml) in a time-dependent manner
and Western Blot analysis was performed to evaluate phospho-P38 (p-P38), phospho-
ERK (p-ERK) and phospho-JNK (p-JNK) expression. Following 15 minutes of TNF-a
exposure, expression of p-P38, p-ERK and p-JNK was significantly increased in WT and
GPx1 KO PAECs (Figure 2A and 2C, 3A and 3C, 4A and 4C), however the expression
levels of these proteins were significantly higher by 1.9-, 1.5- and 1.7-fold respectively in
the GPx1 KO PAECs as compared to WT controls (Figure 2A and 2C, 3A and 3C and 4A
and 4C). In WT PAECs, the responses returned to baseline by the 30-minute timepoint.
However, lack of GPx1 prolonged the TNF-a induced phosphorylation of JNK, p38 and
ERK, resulting in significantly higher expression levels after 30 and 60 minutes of
exposure to TNF-a (Figure 2A and 2C, 3A and 3C, 4A and 4C) when compared with
equivalently treated WT controls. Total P38 and ERK protein expression did not change
throughout the time course of TNF-a treatment for each genotype (Supplementary figure

1A and 1B). Endogenous levels of total JNK were observed to be slightly elevated
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(approximately 1.5 fold) in GPx1 KO cells, however the levels of total JNK did not vary
with treatment within the GPx1 KO group (Supplementary figure 1D). Higher
endogenous levels of JNK in GPx1 KO cells may have arisen in response to the
endogenously elevated oxidative stress that occurs in these cells as shown in Figure 1B.
However, importantly, the total amount of JNK signalling (ie p-JNK) is higher in the
GPx1 KO PAECs. Therefore the JNK signalling ability of the GPx1 KO cell is greater
than the WT at 15 and 30 min after TNF-a stimulation. Collectively, these results clearly
demonstrate that inflammatory responses to TNF-o are augmented and sustained over a
longer period in endothelial cells that lack GPx1.

Treatment with Ebselen (0.01uM) significantly attenuated the extent of P38
phosphorylation after 15 minutes of TNF-a treatment in both WT and GPx1 KO PAECs
(Figure 2B and 2D; Supplementary Figure 2A). Similarly, the phosphorylation of ERK
was significantly attenuated by ebselen after 15 min of TNF-a stimulation in both cell
types (Figure 3B and 3D; Supplementary Figure 2B). However, ebselen treatment did
not have an effect on WT PAECs. In contrast, ebselen treatment significantly reduced p-
JNK levels in GPx1 KO cells at the 15 min time-point (Figure 4B and 4D, Supplementary
Figure 2C). In addition, ebselen was able to lessen the extended prolongation of MAPK
signaling in the GPx1 KO cells. This was evident by the levels of ebselen-treated
phosphorylated P38 and ERK that were significantly reduced in GPxl KO cells
compared to untreated GPx1 KO cells at the 30 min time point (P38 -Fig. 2A vs 2B and
Supplementary Figure 2A); ERK - Fig. 3A vs 3B and Supplementary Figure 2B). There
was also a significant reduction in pJNK by ebselen at the 30 min time point compared to
untreated GPx1 KO cells (Fig.4 A vs 4B and Supplementary Figure 3C). By the 60 min
time point, although significant differences were still detected, the fold decrease was
significantly less between ebselen treated and non-treated GPx1 KO cells for p-38, ERK
or JNK (Figs 2-4 A vs B and Supplementary Figure 2).
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3.3. Akt Phosphorylation and NO release is compromised in GPx1 KO
PAECs

Akt plays an important role in the phosphorylation and subsequent activation of eNOS in
endothelial cells. Since eNOS-derived NO and ROS are inextricably linked in the
determination of endothelial function, we examined the effect of GPx1 deficiency on Akt
phosphorylation and downstream NO release in WT and GPx1 KO PAECs. After 15
minutes of exposure to TNF-a, p-Akt expression was increased 7.5 fold as compared to
unstimulated WT PAECs (Figure 5SA and 5B). However, p-Akt expression was not
affected by TNF- a stimulation in GPx1 KO PAECS (Figure 5A and 5B). The levels of p-
Akt expression in WT and GPx1 KO PAECs correlated with the quantification of NO
released from the endothelial cells into the media. In WT PAECs, NO release increased
in a time-dependent manner with significance reached after 15 mins following
stimulation with TNF-a (20ng/ml). TNF- a had no effect on NO release from GPx1 KO
cells (Figure 5C). Furthermore, we examined total and phosphorylated eNOS (at the
serine 1177 site) in WT and GPx1 KO PAECs in the presence of absence of TNF- a (20
minute treatment). In supplementary figure 5, we show that GPx1 KO PAECs have a
lower expression of total and phosphorylated eNOS as compared to WT PAECs, which is
unaffected by TNF- o treatment.

3.4. NF-kB and VCAM-1 expression is enhanced in GPx1 KO PAECs
NF-«xB is a ubiquitously expressed transcription factor that is activated by ROS and TNF-
a and in turn induces the expression of cellular adhesion molecules, such as VCAM-1,
and potentiates the inflammatory pathway. Under basal conditions, NF-kB is maintained
in an inhibitory state through its interaction with IxB. Thus we sought to investigate if a
GPx1 deficiency had an effect on NFkB activation by quantifying total IxB (T-IxB) after
TNF-a stimulation. In both WT and GPx1 PAECs, T-IkB protein expression decreased
after 15 and 30 minutes of TNF-a exposure, indicating a release of NF-kB from its
inhibitory block (Figure 6A and 6B). After 60 minutes of TNF-a exposure, T-IxB
expression returned to basal levels in WT PAECs. However, at 60 mins in GPx1 KO
PAECS, T-IkB expression remained significantly reduced as compared to WT cells at 60
minutes after TNF-a treatment (Figure 6A and 6B), suggesting an elongation of the pro-
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inflammatory signal in the GPx1 KO cells. Furthermore, in our study, we confirm that the
lack of GPx1 results in the increased gene and protein expression of VCAM-1 following
exposure to TNF-a in isolated endothelial cells (Figure 6C and Figure 6E). Treatment
with ebselen resulted in a significant decrease in VCAM-1 mRNA expression in both WT
and GPx1 KO PAECS (Figure 6E). Although a trend of reduction of VCAM-1 protein
levels were observed in WT PAECs treated with ebselen, this did not reach significance
(Figure 6D). In addition, VCAM-1 gene expression was ~1.9-fold higher in GPx1 KO
aortas (Figure 6F).

3.5. GPx1 KO mice exhibit increased leukocyte-endothelial interactions
In order to determine if the increase in adhesion molecule expression translated to
increased leukocyte-endothelial interactions, we performed a dynamic flow adhesion
assay in aortas isolated from WT and GPx1 KO mice. Under basal conditions, there was
a trend towards an increase in the number of adherent leukocytes between WT and GPx1
KO aortas although this did not reach significance (Figure 7A). However, upon
stimulation with TNF-a (5ng/ml; 4 hours), there was a significant increase in the number
of leukocytes that adhered to GPx1 KO aortas as compared to the WT aortas (Figure 7A).
This difference in leukocyte adhesion was more prominent after 5 and 10 minutes of
blood flow, reaching a plateau at the 15-minute time point (Figure 7A). Co-incubation of
aortas with ebselen for 4 hrs prior to performing the adhesion assay resulted in a
significant reduction in leukocyte adhesion to GPx1 KO aortas at all time points
investigated (Figure 7B). Similarly, there was a significant increase in the adhesion of
fluorescently labeled monocytes to GPx1 KO PAECs compared with WT PAECs in the
absence and presence of TNF-a, which was abrogated with ebselen treatment (Figure 7C

and D).

4. Discussion and Conclusion
This study shows for the first time in endothelial cells specifically isolated from
the aortas of GPx1 KO mice that genetic ablation of GPx1 augments pro-inflammatory
pathways that contribute significantly to endothelial dysfunction and the development of

cardiovascular diseases. Our conclusions are based on the following lines of evidence: 1)
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We demonstrate that a lack of GPx1 prolonged TNF-a induced phosphorylation of P38,
ERK and JNK. 2) Akt phosphorylation, the protein kinase responsible for eNOS
activation, was reduced in GPx1 KO PAECs which correlated with decreased NO
bioavailability as compared to WT PAECs. 3) IkB degradation was prolonged in GPx1
KO PAECs suggesting an increase in NF-kB activity. 4) VCAM-1 gene and protein
expression was significantly increased in GPx1 KO PAECs and GPx1 KO aortas, which
correlated with augmented adhesion of inflammatory cells to the endothelium in vitro and
ex vivo. Importantly, we showed that addition of ebselen, a known GPx1 mimetic was
able to significantly lessen the increase in inflammatory pathways and leukocyte-
endothelial interactions associated with a lack of GPx1.

Previously, our group and others have established that genetic ablation of
GPx1 confers susceptibility to atherosclerosis in the presence of cardiovascular risk
factors such as hyperlipidemia and diabetes[13, 14]. Particularly, we showed an increase
in atherogenic cellularity, as well as proinflammatory and profibrotic markers in GPx1
KO mice[13]. However, the effect of an absence of GPx1 on endothelial dysfunction,
which is a known precursor to the development of atherosclerosis, was not explored.
Endothelial dysfunction, characterized by reduced NO bioavailability and increased
oxidative stress as was observed in our GPx1 KO PAECs, is often implicated in
endothelial activation, a phenotypic change that drives the inflammatory process mainly
through the surface expression of endothelial adhesion molecules. VCAM-1 is the
dominant adhesion molecule responsible for leukocyte recruitment, rolling and adhesion
and its expression is significantly influenced by exogenous cardiovascular risk factors
prior to physical lesion development[28]. Herein, we reveal that VCAM-1 gene and
protein expression is increased in the aortas as well as in endothelial cells isolated from
GPx1 KO mice in the presence of the pro-inflammatory cytokine, TNF-a. We therefore
postulate that TNF-a induced activation of ROS and MAPK pathways is responsible for
endothelial cell activation and VCAM-1 expression in GPx1 KO PAECs. The VCAM-1
data ties in with another major finding of our study. We demonstrate for the first time
direct leukocyte adhesion to the aortic endothelium of GPx1 KO mice in real-time using
fluorescence intravital microscopy. TNF-a treatment results in increased adhesion of

fluorescently labeled leukocytes, which was further exacerbated in GPx1 KO mice over
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time. Endothelial cell activation and adhesion/infiltration of leukocytes to the vascular
wall occurs prior to lesion development, thus our data lends credence to studies
demonstrating increased atherosclerotic lesion area in diabetic and lipogenic GPx1
knockout mice[14, 17, 18].

An interesting observation emanating from our study sheds light on basal
ROS levels, VCAM-1 activation and leukocyte adhesion in GPx1 deficient PAECs. The
endogenous activation of VCAM-1 in the aortas and the observed increase in adherance
of leukocytes seen in GPxl-deficient endothelial cell culture might be MAPK
independent since the MAPK pathways were not significantly increased under basal
unstimulated conditions in our GPx1 KO PAECs, suggesting that the increase in ROS
under unstimulated conditions in the GPx1 PAECs may mediate its pro-inflammatory
effects via other pathways. However, in response to TNF-a, the phosphorylation of P38,
ERK and JNK is significantly prolonged in endothelial cells isolated from GPx1 KO
mice, indicating increased activation of the MAPK pathways and their downstream
targets under pro-inflammatory and pro-oxidant conditions. This finding is highly
relevant to the diabetic milieu where oxidative stress is increased and in many instances,
occurs as a result of a decline in antioxidant defences such as GPx1[29, 30]. Furthermore,
our study is in agreement with a recent study that exhibited increased MAPK activation
upon TNF-a stimulation in human microvascular endothelial cells silenced for GPx1[15].
In addition, the present study shows that the GPx1 mimetic, ebselen, is able to inhibit
TNF-a-induced P38, ERK and JNK activation in the absence and presence of Gpxl.
However, a study by Yoshizumi et al, revealed that ebselen reduced TNF-a-induced JNK
activation, but not P38 and ERK activation[31]. This discrepancy between the two
studies could be due to differences in the cell types, particularly human umbilical vein
endothelial cells vs mouse PAECs, as well as the experimental design, specifically the
concentration of ebselen used.

An elegant study by Oelze et al, highlighted the important role of GPx1 in
aging-associated endothelial dysfunction. In their study, GPx1 deficiency was shown to
exacerbate the decrease in NO bioavailability and reduction in acetylcholine induced
endothelium-dependent vasodilation as well as potentiate eNOS uncoupling associated

with aging[32]. Furthermore, macrophage and leukocyte markers were significantly

15|Page



elevated in aged GPx1 KO mice[32]. Our study supports these findings as we
demonstrate reduced NO bioavailability and increased intracellular ROS in GPx1 KO
endothelial cells. Moreover, our study lends credence to a recent study by Ahwach et al,
which demonstrated that GPx1 knockdown, augmented oxidative stress but not
endoplasmic reticulum stress in dextrose-induced endothelial cells, an effect that was
decreased in the presence of ebselen[33]. In addition, our present study sheds light on the
pathways by which GPx1 deficiency leads to endothelial cell dysfunction and activation,
which promotes atherogenesis. Since GPx1 is the most abundant isoform of the
glutathione peroxidases that participates in the elimination of ROS and is involved in the
pathogenesis of cardiovascular diseases, it is postulated that specifically upregulating the
activity of this isoform or designing functionally active mimetics could confer

cardiovascular protection.
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Figure 1: GPx1 KO PAECs characterization. (A) GPx1 protein expression in WT and GPx1
KO PAECs in serum starved (ss) and TNF-a treated cells after 1, 15, 30 and 60 mins of
treatment. Protein was quantified relative to a-tubulin. (B) DCFDA Fluorescence intensity
and (C) L-012 chemiluminescence in WT and GPx1 KO PAECs under basal conditions. (D)
Hydrogen peroxide (H202) concentration in WT and GPx1 KO cells treated with TNF-a in
the presence and absence of ebselen. (E) Cell proliferation and (F) MTT assay in WT and
GPx1 KO PAECs after 24 and 48h of cell growth. *P<0.05, **P<0.01 and*** P<0.001 as
indicated. In F, ***P<(0.001 vs WT PAECs. Bars represented as mean + SEM, n=5-8/group.
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Figure 2: (A) Lack of Gpx1 potentiates TNF—a-induced increases in phosphorylation of p38.
(B) In the presence of 0.01uM ebselen, phosphorylation of p38 is significantly reduced in
GPx1 KO PAECs. Quantification of the Western Blots are shown in (C) and (D) respectively.
*P<0.05, **P<0.01 and ****P<0.0001 as indicated. *P <0.05, **P<0.01 and ****P<(.0001
vs respective WT and GPx1 KO controls. #P<0.05 and ####P<0.0001 vs respective TNF-a
(15). *P<0.05 vs GPx1 KO TNF- a (30). Bars represented as mean + SEM, n=4/group.
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Figure 3: (A) Gpxl deficiency augments TNF—o-induced increase in phosphorylation of
pERK. (B) In the presence of ebselen (0.01uM), phosphorylation of pERK is significantly
decreased in GPx1 KO PAECs. Quantification of the Western Blots are shown in (C) and (D)
respectively. **P<0.01 and ****P<0.0001 as indicated. ****P<0.0001 vs respective WT and
GPx1 KO controls. ####P<0.0001 vs respective TNF-a (15). “P<0.05 vs GPx1 KO control.
Bars represented as mean = SEM, n=4/group.



WT GPx1 KO

A £
INK 54kDa
p-
. N —— . |46kDa
. - — — —
tubulin | — — ‘ - | 50kDa
; - -
p-JNK [—— ] -

& - — — an—y ! - el
b | e - ———

Time(min) S 1 15 30 60 ss 1 15 30 60
TNF-a = + + + + = 4+ + + +

n dede ke k |

(o]
o

Fkk I

154

—_
=

-

o

é ot ke - dededek
=] F—
o 10 =]
2 3
3 3
£ 5. <
? 2
[= 1 o
0- J
WT GPx 1 KO WT GPx 1 KO
+ Eb

+ Eb

= SSs
=3 Control

B TNF-a (15)
Bl TNF-o (30)
El TNF-« (B0)

Figure 4: (A) Gpx1 KO PAECs have prolonged phosphorylation of JNK induced by TNF—a.
In the presence of ebselen (0.01uM), phosphorylation of pJNK is reduced in GPx1 KO
PAECs. Quantification of the Western Blots are shown in (C) and (D) respectively.
*#%P<0.001 and ****P<0.0001 as indicated. ***P<0.001 and ****P<0.0001 vs respective
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represented as mean = SEM, n=4/group.
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Figure 5: GPx1 KO PAECs have reduced p-Akt phosphorylation and NO levels. (A) P-Akt
Western blot and (B) quantification of p-Akt in WT and GPx1 KO PAECs after TNF-a
treatment is shown here. (C) Total Nitrite levels in WT and GPx1 KO PAECs stimulated with
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represented as mean = SEM, n=4/group.
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Figure 6: GPx1 KO PAECs have prolonged degradation of IxB and increased VCAM-1
expression. (A) Western blot and (B) quantification of total-IxB (T-IkB) is shown here. (C)
Quantification of VCAM-1 protein levels induced by TNF-a in WT and GPx1 KO PAECs.
(D) TNF-a induced VCAM-1 expression in WT PAECS in the presence of ebselen (0.01uM).
(E and F) VCAM-1 gene expression in WT and GPx1 KO (E) PAECs and (F) aortas is shown
here. **P<0.01, ***P<0.001 and ****P<0.0001 as indicated. *P<0.05, **P<0.01 and
*#%P<0.001 vs respective WT and GPx1 KO controls. #P<0.05 and ###P<0.001 vs WT and
GPx1 KO in the presence of TNF-a. Bars represented as mean + SEM, n=4/group.
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Figure 7: GPx1 KO aortas exhibit increased leukocyte-endothelial interactions. (A and B)
Quantification of the number of fluorescently labeled leukocytes that adhere to the vascular
endothelium in WT and GPx1 KO aortas pretreated with (A) TNF-a and (B) TNF-a +
ebselen. (C) Representative images and (D) quantification of fluorescently labeled THP-1
cells to control, TNF a and TNF-a + ebselen treated WT and GPx1 PAECS. *P<0.05 and
*#%p<0.001 as indicated. * P<0.05 and **P<0.01 vs respective WT and GPx1 controls.
#P<0.05, ##P<0.01 and ###P<0.001 vs respective GPx1 KO aortas or cells pretreated with
TNF-a. Bars represented as mean + SEM, n=5-6/group.
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Supplementary Figure 1: Western Blot and quantification of total (A) P38, (B) ERK, (C)
AKT and (D) JNK is shown here. ¥P<0.05 and ***P<(.001 as indicated. Bars represented as

mean + SEM, n=4/group.
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Supplementary figure 2: Fold differences in (A) p38, (B) pERK and (C) pJNK expression
relative to WT serum starved (SS) controls at the 15-,30- and 60-minute time point is shown
here. ***P< 0.001 and ****P<0.0001 vs WT. #P<0.05 and ####P<0.0001 vs respective
controls. Bars represented as mean = SEM, n=4/group.
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Supplementary figure 3: (A) VE-cadherin immunofluorescence in WT (panel 1) and GPx1
KO (panel 2) PAECs. No primary negative control is shown in panel 3. (B) Relative gene
expression of a-smooth muscle actin (a-SMA) in WT and GPx1 KO PAECs normalized to
expression levels in vascular smooth muscle cells (SMC). Bars represented as mean + SEM,
n=6-8/group.
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Supplementary figure 4: (A) Rate of increase in cell number after 24 and 48 hours in WT
and GPx1 KO PAECs normalized to basal cell count for respective cell type. (B) Mouse
pCNA gene expression in WT and GPx1 KO PAECs. (C) Human GPx1 gene expression in
human aortic endothelial cells with siRNA knock down of GPx1 (GPx1 KD). (D) Human
pCNA gene expression in human aortic endothelial cells with siRNA knock down of GPx1
(GPx1 KD). *P<0.05 and ***P<0.001 as indicated. Bars represented as mean + SEM, n=6-
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Supplementary figure 5: Western Blot demonstrating total and phosphorylated eNOS (p-
eNOS) as well as total loading protein in WT and GPx1 KO PAECs in the presence and
absence of TNF-a (20 minute treatment). Quantification of p-eNOS/ total protein is shown in
the graph below. Bars represented as mean + SEM, n=3/group.



