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Abstract

Objective—Oxidative stress is a central event linked with endothelial dysfunction and
inflammation in several vascular pathologies, marked by over-production of ROS and concomitant
decreases in antioxidants e.g. GSH. Here we distinguish endothelial oxidative stress regulation and
associated functional disparities in the two main vascular conduits, (arteries and veins) following
decreases in GSH.

Methods—MAECs and VCECs were used as models of arterial and venular endothelium,
respectively and BSO (0-100puM) was used to indirectly increase cellular oxidative stress.
Inflammatory responses were measured using immune cell attachment and immunoblotting for
endothelial cell adhesion molecule (ICAM-1, VCAM-1) expression, altered cell proliferation and
wound healing.

Results—MAECs and VCECs exhibited differential responses to oxidative stress produced by
GSH depletion with VCECs exhibiting greater sensitivity to oxidative stress. Compared to
MAECs, VCECs showed a significantly increased inflammatory profile and a decreased
proliferative phenotype in response to decreases in GSH levels.

Conclusions—Arterial and venous endothelial cells exhibit differential responses to oxidant
stress and decreases in GSH:GSSG are more exacerbated in venous endothelial cells. Specific
pathogenesis in these vascular conduits, with respect to oxidant stress handling warrants further
study, especially considering surgical interventions such as Coronary Artery Bypass Grafting that
use both interchangeably.
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Introduction

While the greater arteries and veins of the circulatory system are both conduits responsible
for blood transport, these two divisions show distinct differences in their development,
patterning, structure and function [1-3]. Several unique pathologies are also associated with
each vessel type; arteries exhibit more atherosclerotic plaque formation in conduit vessels
and endothelial dysfunction in resistance arteries (arterioles). By comparison, veins and
venules classically mediate leukocyte extravasation during inflammation [4, 5].

With respect to clinical applications of veins vs. arteries for vascular grafting, important
differences are also seen in the patency rates of grafts used for coronary artery bypass
grafting (CABG). In particular, CABG procedures which use saphenous vein grafts are
statistically more likely to fail compared to their arterial counterparts because of more
frequent development of thrombosis and intimal thickening in vein to artery substitutions [6,
7]. Although the disparities in pathogenesis between arteries and veins have been largely
attributed to a failure of veins to adapt to pressure and flow conditions in arteries, the redox
status of these two vessel types has not been studied as much. Therefore, a clearer
understanding of the molecular differences between these two endothelial cell types that
may be involved in aberrant vascular remodeling may lead to improved interventional
strategies focusing on improved vascular integration in grafting as well as treatments for
several vascular pathologies.

As the inner lining of all blood vessels (funica intima) endothelial cells are known to play
critical roles in mediating several vascular pathologies. One of the earliest events in such
pathologies is “endothelial dysfunction.’ This dysfunction is often characterized by loss of
endothelial dependent vasodilation and an increase in inflammation mediated cellular
adhesion to the endothelial luminal surface [8-11].

Oxidative stress is an important factor contributing to endothelial dysfunction often observed
in cardiovascular pathologies and is linked with increased reactive oxygen species (ROS)
production and decreased availability of antioxidants like glutathione (GSH) [12-15]. GSH
is a major antioxidant whose main function is to attenuate ROS stress by reducing ROS (e.g.
H»05), which cause cellular and/or tissue injury. During oxidant catabolism, GSH is
oxidized to form GSSG, (glutathione disulfide) which can be enzymatically reduced back to
GSH. This recycling of GSSG to GSH maintains a homeostatic physiological balance of the
GSH:GSSG ratio, whereas during several pathological states this ratio is not maintained [16,
17].

GSH:GSSG ratios have been demonstrated to dictate cell fates such as cell division,
proliferation, and apoptosis [18, 19]. Along with decreased GSH, increases in GSSG often
have cell-regulatory effects on signaling reflecting posttranslational modifications such as
protein glutathionylation [20]. Although the protective role of GSH and its dysregulation in
disease have been well-studied [17, 21], the role of the GSH:GSSG ratio itself and how this
ratio differs between the arterial and venous vascular beds has been largely marginalized.
The GSH:GSSG ratios in arterial and venous endothelia may underlie differences in redox
regulation and its role in influencing endothelial health vs. pathology. Very few studies have
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compared Aow arteries and veins differentially respond to an imposed oxidative stress and
fewer still have focused on glutathione dysregulation.

Here, our current study describes differences between arterial and venous endothelial cells
including both basal differences in redox based on anatomic origin, as well as changes in
protein expression and cell behavior produced by deliberately perturbing the GSH:GSSG
ratios using BSO. BSO is an irreversible inhibitor of glutamate cysteine ligase (GCL), the
rate-limiting enzyme required during the first step of GSH synthesis. Use of BSO results in
decreased cellular GSH levels [22]. Our study shows that under basal conditions arterial and
venous endothelial redox state differs significantly and that under redox stress the
GSH:GSSG ratio/oxidative state may underlie differential immunological and functional
outcomes between these two cell populations.

Materials and Methods

Cell culture and BSO treatment:

Endothelial cell lines (mouse aortic endothelial cells; MAECs and mouse vena cava
endothelial cells; VCECs) were cultured in Dulbecco’s modified Eagle Media-DMEM
(Caisson labs, UT) with 10% Fetal bovine serum-FBS (Caisson labs, UT), added L-
glutamine (Genesee Scientific, CA), penicillin and streptomycin (Genesee Scientific, CA) at
37°C in 5% CO,. Cells were grown to confluence followed by BSO (Sigma, MO) treatments
of increasing concentrations (0, 5, 25, 50, 75, and 100 uM) for 19hrs in starvation media
(with 0.5% FBS).

GSH and GSSG measurement:

High performance liquid chromatography (HPLC) was used to measure GSH and GSSG as
described previously [23]. Confluent cell monolayers of MAECs and VCECs with and
without treatment were washed in PBS, lysed, and protein precipitated using trichloroacetic
acid (TCA). The acid precipitate was then centrifuged and the supernatant used for GSH and
GSSG measurements.

Proliferation assay:

Confluent cell monolayers with and without treatment were collected using trypsin (Lonza,
MD), stained with Trypan blue (Lonza, MD) and counted manually using a hemocytometer.

Wound healing assay:

Confluent cell monolayers were subjected to a wound made with a p200 pipette tip as shown
in Fig. 5 and subjected to BSO treatment for 16hrs under observation in a custom designed
microscope slide holder (Bioscience Tools, San Diego, CA) at 37°C in 5% CO, using a
Nikon Eclipse Ti-E microscope (Nikon Instruments Inc., Melville, NY) for image
acquisition. Cells were treated with Hydroxyurea during BSO treatment to attenuate
proliferation and exclusively study migratory functions of the endothelial cells.
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Western blot analysis of adhesion molecules:

Following treatment with BSO for 19hrs, cells were collected in Laemmli buffer (Biorad,
CA\) and stored at —80°C until probing for ICAM-1 and VCAM-1 (Novus biologicals, CO)
using Western Blot.

Macrophage staining and adhesion:

Murine bone marrow-derived macrophages (BMDMSs) were isolated from C57BL/6 mice
femurs, flushed and cultured in DMEM with L929 fibroblast conditioned medium at 37°C
and 5% CO,, as described previously [24]. Macrophages used for experiments were 98%
pure as assayed by flow cytometry using macrophage markers CD68APC and CD11bPE.
Confluent macrophages were collected and stained with Vybrant® CFDA SE Cell Tracer
Kit (Invitrogen, CA) as per manufacturer protocols and spiked onto BSO treated MAECs
and VCECs. 15 minutes later, cells were triple washed with PBS (VWR, PA) and replaced
with 10% FBS DMEM for imaging. Images were collected using a Nikon Eclipse Ti-E
microscope (Nikon Instruments Inc., Melville, NY) and adherent macrophages were counted
using the cell counting software feature on NIS Elements Advanced Research (Nikon
Instruments Inc., Melville, NY).

Statistical analysis:

All statistical analyses were performed using GraphPad Prism 7 (GraphPad, La Jolla, CA).
Comparisons within each cohort of MAECs or VCECs between untreated controls and
treatment groups were done using one-way ANOVA (with n=3, X+SE significant at P<
0.05), while comparisons between the two cell types (MAECs and VCECS) across treatment
groups were done using 2-way ANOVA (with n=3, X+SE significant at £< 0.05) as
mentioned specifically in the figure legends.

Results

3.1 Endothelial cells of arteries and veins show different basal redox profiles (GSH:GSSG
ratio) and varying susceptibilities to oxidative stress.

Levels of the cellular antioxidant GSH and its oxidized form (GSSG) provide an insight into
the redox state of a cell and any differences in these quantities between MAECs and VCECs
could help identify, to some degree, the pathological disparities seen within these blood
vessel types. HPLC measurements shown in Figure 1 compare the individual GSH and
GSSG levels between MAECs (A) and VCECs (B) following increasing concentrations of
BSO (0, 5, 25, 50, 75, and 100uM) for 19hrs. Results show a significant decrease in GSH
following BSO treatment in both MAECs and VCECs across all concentrations. The
sensitivity of MAECs to BSO treatment is significant at the least amount of BSO used
(5uM), and remains constant with increasing concentrations of BSO. VCECs treated with
BSO show decreases at 5uM with continued decreases with increasing concentrations of
BSO (25uM - 100uM). Comparison of GSH:GSSG ratios as shown in Figure 1 show that
veins have a lower GSH:GSSG ratio (20:1) and less GSH at basal physiological levels (32.2
UM/mg protein) than arterial endothelial cell GSH:GSSG ratio (30:1) and basal GSH levels
(142.6 uM/mg protein). Interestingly, treatment with BSO tends to drastically decrease the
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GSH:GSSG ratio in VCECs compared to MAECSs as shown in the Figure 1 table inset.
These results suggest that veins are more sensitive to decreases in GSH and can possibly be
overloaded with ROS under an oxidative stress insult. Veins may be less capable of handling
oxidant stress. Comparatively arteries have a much higher expression of the antioxidant
GSH, allowing for a smaller decrease in the total pool of GSH following exposure to BSO.
A better ability to handle cellular redox fluctuations could help arteries tolerate the increased
accumulation of ROS, neutralizing any likely pathological insults due to oxidative stress in
this experimental system.

3.2 Assessment of macrophage recruitment and expression of adhesion molecules
disclose differential immune regulation patterns between heterogeneous endothelial cells.

Interactions between endothelial and immune cells are known to be an important initial
event in vascular pathologies [25, 26]. Many cardiovascular pathologies are initiated by
endothelial phenotype changes causing them to produce chemoattractant factors and
adhesion molecules that stimulate monocyte recruitment to the endothelial cells and support
infiltration into the surrounding parenchyma [27]. Results from macrophage recruitment by
endothelial cells in this study is shown in Figure 2 and depicts a distinct disparity between
arterial and venous endothelial cells in their capacity to recruit these cells. Macrophages
more readily adhere to VCECs under conditions of decreased GSH following exposure to
increasing concentrations of BSO. Macrophages show significantly increased adherence to
VCECs compared to MAECs with BSO concentrations of 50 uM and 100 uM. VVCEC:s also
show a pattern of increase in recruitment of macrophages albeit not significant with
increasing concentrations of BSO (5 pM to 100 pM) compared to untreated control. Despite
enhanced recruitment of macrophages indicating biological function, Figure 3 demonstrates
no striking differences between two of the most commonly associated adhesion molecules,
VCAM and ICAM, expression in arteries and veins regardless of BSO concentration. The
data demonstrating increased recruitment of macrophages suggest that venous endothelial
cells are more susceptible to an inflammatory response following stress due to redox
imbalance.

3.3 Varying patterns in proliferation and migration are observed between the aortic and
vena cava endothelial cells resultant from decreasing levels of GSH.

GSH and ROS levels have been shown to regulate cell growth, proliferation and cell cycle
under normal physiological conditions [19, 28, 29]. For our experiments we wanted to study
the effects of decreases in GSH on proliferation and migration of MAECs and VCECs. We
performed these experiments by decreasing levels of GSH using increasing concentrations of
BSO. Cell proliferation in VCECs is significantly lower compared to MAECs following
exposure to increasing levels of BSO (25uM — 75uM) as measured by cell counting; data is
represented as fold change compared to untreated control (Figure 4). In contrast MAECs
exposed to BSO proliferate similar to untreated control, showing no significant effects
following decrease in GSH. Results showing VCECs have decreased proliferation highlights
the important role of GSH in proliferation, with these cells having significantly decreased
levels of GSH compared to MAECs. On the other hand MAECSs do not show a decrease in
proliferation following decreases in GSH. This may be attributed to their significantly higher
GSH reserves that are not depleted to the same degree as VCECs and therefore may not
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influence proliferation. Cell monolayer recovery assessed by a scratch assay measures
cellular migration as another functional outcome of decreasing GSH levels. We measured
monolayer recovery at 2hrs, 8hrs and 16hrs post scratch (Figure 5). Both MAECs and
VCECs have similar rates of cell monolayer healing for the 2hrs and 8hrs time points,
regardless of concentration of BSO exposure. However, by 16hrs, there is a trend for
MAECSs migrating faster. Although this is not a significant difference it does support our
evidence that the arterial cells are better able to handle the stress of decreased GSH:GSSG
ratios. Since migration and proliferation are events regulated by different signaling pathways
the effect of decreased GSH:GSSG may cause different signaling changes as well.

Discussion

Vein and arterial endothelial cells basally contain different levels of GSH and GSSG and
most importantly, have very different GSH:GSSG ratios. Different basal GSH:GSSG ratios
and departures from ‘normal” GSH:GSSG have been linked to changes in many cellular
processes. More severe GSH:GSSG disturbances can be extremely harmful to cells and
reduce survival. The importance of GSH:GSSG ratios and regulation have also been
highlighted previously by our group where we demonstrated that variations in GSH levels
can have opposing effects in response to different pathological insults [23]. Ratios of
GSH:GSSG that are 13-1 and lower have been associated with non-enzymatically driven
protein glutathionylation [30], this contributes to a relatively tight balance between
GSH:GSSG and functional outcomes, both beneficial and detrimental. Antioxidant therapies
to treat cardiovascular diseases have largely failed, if antioxidant concentrations are too low
there is oxidative stress, however if antioxidants are too high then there is a state of reductive
stress where all physiological signaling is abolished. These considerations make
supplementation experiments to rescue antioxidant depletion problematic. We need a better
understanding of the contributions of each component of the redox system to better tackle
therapy development.

To study the effect of varying tissue levels of GSH on angiogenesis following ischemia,
Gelm™= KO mice in which (GSH decreased by >80%), Gelm*/~ HET mice (GSH decreased
by >20%) and Gelm™* WT mice (highest levels of GSH) were subjected to hind limb
ischemia. At days 3 and 7 post-ligation, GSH levels were significantly decreased in all
groups [23]. Interestingly, our results showed that blood flow and cellular proliferation,
(both necessary for revascularization) were most robust in HET mice compared to their KO
and wild type counterparts. These results demonstrate that relatively small decreases in GSH
synthesis can actually be extremely beneficial in healing, whereas large decreases in GSH
synthesis are detrimental to revascularization. Therefore, GSH regulation can improve or
intensify the severity of pathological outcomes through the control of GSH:GSSG redox
ratios; these ratios may also play major roles influencing initiation and progression of
several vascular disease states [31, 32].

ROS dependent endothelial cell proliferation and migration are well-documented
phenomena [33-36]. It is important to recognize that cell redox state is extremely sensitive
to altered GSH:GSSG ratios and even slight perturbations can powerfully influence cellular
signaling mechanisms [16, 37]. We have demonstrated that venous endothelial cells have
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lower GSH:GSSG ratios and are more sensitive to an imposed oxidant stress than arteries.
Consequently, venous endothelial cells may proliferate less compared to MAECs and are
more prone to inflammatory activation, both of which are signs of cellular dysfunction.
Avrterial endothelial cells (MAECs) have higher basal levels of GSH (142.6 pM/mg protein)
than VCECs (32.2 uM/mg protein) and appear to be more sensitive to changes in ROS.
Administration of BSO causes a more severe phenotypic change in VCECs and results in
enhanced macrophage adhesion, an important component of the inflammatory response. No
significant changes can be observed in MAEC macrophage adhesion assays, however with
VVCECs we observed an increasing trend for macrophage adhesion between 25uM - 100uM,
with significant changes seen at 50uM and 100 uM BSO. These results are quite interesting
as protein glutathionylation may be playing a role here. Although not measured this
posttranslational modification is known to occur enzymatically at low GSH:GSSG ratios
[30]. Further study is warranted, especially measuring pools of GSH:GSSG in discreet
compartments of the cell. We have measured the GSH:GSSG in the whole cell and this may
not be sufficient to see smaller changes leading to large disturbances in the posttranslational
modifications of proteins.

Interestingly, despite enhanced recruitment of inflammatory cells we observed no changes in
VCAM-1 or ICAM-1 expression with increasing oxidant stress. These data suggest that
changes in endothelial adhesion molecules may not be the main driving force underlying
recruitment of macrophages in our hands (despite an increasing body of evidence
demonstrating that oxidative stress enhances endothelial expression of adhesion molecules
and altering their affinity/avidity [38—40]. Such studies induce oxidative stress indirectly
through several environmental and cytokine stressors such as using endotoxin and
inflammatory cytokine initiated monocyte recruitment to show differences between both of
these vascular cells [41]. However in our current study, an induced redox imbalance itself
was sufficient to recruit macrophages to endothelial monolayers. Once again this phenomena
is potentially related to posttranslational modification of proteins through glutathionylation
playing a role in macrophage attachment.

Our study demonstrates that arterial and venous endothelial cells respond differently to
oxidant stressors. Both of these cells accomplish vastly different tasks in the vascular
system; arteries are responsible for delivering oxygenated blood to the tissues, while veins
return deoxygenated blood to the heart, where the lungs remove CO5 and replenish O,. We
might speculate that arteries handle changes in oxidant stress better than veins (as shown
here) as veins may be maladapted to handling large fluxes of oxygen and oxidant stress.
Regardless of the ultimate causes for the difference in “stress handling’ between these two
divergent anatomies, oxidant stress remains an important consideration when forming
anastomoses, bypasses, etc. The difference between veins and arteries in recruiting
inflammatory cells is only one potential consequence that may lead to graft failure in CABG
interventional procedures.

Perspectives

Oxidative stress and lipid retention in saphenous and arterial vascular conduits show higher
oxidative stress, LDL accumulation, and the presence of oxidized epitopes in vein grafts as
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compared to arterial grafts [42]. Similarly, human studies between CABG arteries and veins
concluded that NADPH oxidase activity (a major ROS producer) was higher in veins than in
arteries [43]. Differences in gene expression were also observed between human coronary
artery (CAEC) and saphenous vein (SVEC) endothelial cells due to atherogenic stimuli [44].
Itis clear from the data presented in this manuscript that veins and arteries have vastly
different responses to lower GSH:GSSG ratios. These data were performed in mouse
endothelial cells, however the translational aspect of this data is high as others have
demonstrated that various redox components observed in rodents is conserved in humans,
with interesting correlations found in a wide variety of tissues and processes (skin, brain,
and fat handling) [45-47]. Overall the data presented in this current manuscript open up
exciting possibilities to address disparities found when these vascular cells are used in
therapeutic interventions; the development of new therapies might better transition these
vascular cells when introducing them to starkly different environments (e.g. veins used for
CABG).
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Figure 1:
Altered GSH and GSSG levels in MAECSs (A) and VCECs (B) measured with HPLC under

untreated conditions (control) and treatment with increasing uM levels of BSO
(0,5,25,50,75,100) for 19hrs. * Represents significance in GSH levels within either MAECs
or VCECs compared to respective untreated control (n=3, X£SE significant at *p < 0.05).
Table inset shows changing GSH:GSSG ratio in MAECs and VCECs with increasing
concentrations of BSO as shown in graphs (A and B). MAECs: Mouse Aortic Endothelial
cells, VCECs: Vena Cava endothelial cells.
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Figure 2:
Macrophage recruitment in MAECs and VCECs treated with increasing uM levels of BSO

(0,5,25,50,75,100) for 19hrs (A and B) are representative images of MAECs and VCECs
(respectively) with attached macrophages (identified with red arrows). (C) Graphical
representation of macrophages adhesion assays with statistical significance between the
groups represented with *. (D) FACS data demonstrating purity of macrophages. *
Represents significance between MAECs and VCECs normalized to respective untreated
control shown as fold change (n=3, X+SE significant at *p < 0.05).
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Figure 3:
Western blot representative images and quantification of ICA

M-1 (A) and VCAM-1 (B) in

MAECs and VCECs treated with increasing uM levels of BSO (0,5,25,50,75,100) for 19hrs.
* Represents significance between MAECs and VCECs normalized to respective untreated

control shown as fold change (n=3, X+£SE significant at *p <

0.05).
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Figure 4:
Proliferation of MAECs and VCECs post treatment with increasing UM levels of BSO

(0,5,25,50,75,100) for 19hrs. * Represents significance between MAECs and VCECs
normalized to respective untreated control shown as fold change. # Represents significance
within VCECs compared to untreated control (n=3, X+SE significant at */# p < 0.05).
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Figure 5:
Wound closure rates of MAECs and VCECs following administration of increasing uM

levels of BSO (0,5,25,50,75,100) for 16hrs. Bars represent fold change compared to initial
wound area and normalized to untreated control for 2hrs (A), 8hrs (B) and 16hrs (C). D.
Wound healing assay showing representative bright field images for MAECs (D) and
VCEC:s (E) with closing wound areas at 2hrs, 8hrs and 16hrs.
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