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Abstract

Retinopathy of prematurity is a blinding disease that affects extremely low gestational age
neonates. Its etiology is due to extrauterinehyperoxia in an immature antioxidant system
culminating as oxidative stress on the retina. Our aim is to elucidate the role of pharmacological
antioxidants in modulating the biochemical and molecular response of human retinal
microvascular endothelial cells (HRECs) exposed to oxidative stress. HRECs were treated with
MnTBAP [a superoxide dismutase (SOD) mimetic], catalase, EUK-134 (SOD + catalase), or
saline prior to exposure to normoxia (Nx), hyperoxia (Hx), or intermittent hypoxia (IH). Media
levels of SOD, catalase, glutathione peroxidase (GPx), 8-isoPGF,, and H,O,; cellular SOD and
catalase; cellular function (migration and tube formation); and antioxidant gene expression were
assessed. Pharmacological antioxidants had delayed suppressive effect on 8-isoPGF5,. MNTBAP
and catalase were more effective for H,O, scavenging in the media than co-administration in the
form of EUK-134. A delayed response was noted in SOD and catalase media activity in MnTBAP-
and catalase-treated cells, respectively in 50% and IH. MnTBAP had progressively increased
media GPx in all oxygen conditions. Antioxidants resulted in normal, but more abundant
tubulogenesis in IH and Hx. The distinct temporal response to oxidative stress reflected the
respective antioxidant’s potency and catalytic properties. The cell permeability of the antioxidants
limited the ability to scavenge intracellular free radicals. The results support that MnTBAP or
catalase may be more effective for the prevention of oxidative stress in oxygen-induced
retinopathy.
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1. INTRODUCTION

Severe retinopathy of prematurity (ROP) is a leading cause of childhood blindness [1]. The
pathogenesis of ROP involves a two-phase disease process: vaso-obliteration (phase 1) at
birth followed by vaso-proliferation (phase I1) [2]. However, new insight of the mechanism
of ROP continues to expand when DiFiore et al. [3] reported a direct correlation between the
frequency of intermittent hypoxia (IH) and the severity of ROP [4, 5]. Hartnett et al. [6]
showed that the fluctuation of arterial oxygen corresponded to an increased risk for
threshold ROP in infants and intravitreal neovascularization in rat pups. Therefore, our
knowledge of the pathogenesis of ROP in the fluctuating oxygen model continues to evolve,
which provides an opportunity for new drugs to be studied for clinical utility in the
prevention and/or treatment of ROP.

The retinal vasculature of a preterm infant has an increased vulnerability to autoxidation by
reactive oxygen species (ROS) and reactive nitrogen species (RNS), leading to cellular
damage, loss of normal function, and apoptosis of retinal cells through activation of kinases
and caspases [7]. This is due to the lack of autoregulation of the choroidal blood flow, the
presence of vasoactive mediators (i.e., prostanoids, nitric oxide), increasing blood flow to
the retina, and the insufficient production of endogenous antioxidants for scavenging the
physiological levels of ROS and RNS generated during mitochondrial oxidative
phosphorylation (OXPHOS) [8-11]. The electron transport chain (ETC) develops a
mitochondrial inner membrane potential with complexes 1-1V to promote adenosine
triphosphate (ATP) production at complex V. When an oxygen molecule gets reduced by an
electron at complexes I, 111, and possibly I, it generates the primary radical superoxide
anion (O, 7). Superoxide anion gets dismutated either nonenzymatically or enzymatically by
the ubiquitous family of enzyme, superoxide dismutases (SOD), to hydrogen peroxide
(H205) in the cytoplasmic compartments (SOD1 or CuZnSOD), mitochondrial matrix
(SOD2 or MnSOD), or extracellular elements (SOD3 or ECSOD) [12]. Physiological levels
of H,0, are decomposed by cytosolic catalase, mitochondrial glutathione peroxidase-1
(GPx1) and the mitochondrial thioredoxin enzyme family (peroxidredoxins, thioredoxin,
thioredoxin reductase). However, the accrued reserve of Oy~ reacts with nitric oxide (NO) to
form peroxynitrite anion (ONOO™) or with H,O, to give rise to highly reactive hydroxyl
radical (OH’) through the Haber—Weiss/Fenton reaction [13, 14] wreaking cellular havoc.
Therefore, an intricate balance system must exist between physiological ROS production
and the detoxification of ROS by mitochondrial antioxidants to prevent oxidative stress.

A multitude of pharmacological antioxidants have been experimented in the past for the
prevention of ROP. Vitamin E supplementation [15, 16], vitamin A [17], D-penicillamine
[18, 19], allopurinol [20], and lutein and zeaxanthin [21] showed either inconclusive
evidence for routine clinical use or recommended performance of further safety and delivery
trials. Our laboratory had previously demonstrated that IH upregulates complex | of the ETC
leading to accumulation of O, ™. However, administration of MnTBAP (an SOD mimetic) to
scavenge excess Oy~ did not prevent oxygen-induced retinopathy (OIR) in the rat model
[22], likely due to the accumulation of H,0,, a non-radical byproduct of SOD [23].
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These previous findings led to the hypothesis that co-treatment of isolated human retinal
endothelial cells (HRECs) with SOD and catalase will prevent H,O, accumulation and have
a more beneficial effect on responses to IH and oxidative stress than SOD or catalase alone.
Thus, the overarching objective of this study is to examine the effects of pharmacological
antioxidants on the biomolecular responses of HRECs to IH and oxidative stress.

2. MATERIAL AND METHODS

2.1. Cells

HRECs (ACBRI-181) were purchased (Cell Systems, Kirkland, WA, USA) at 80%
confluence (1.5 x 10° cells) and acclimatized for 2-3 h in an incubator at 37°C prior to
plating in specialized medium of P75 flasks. Cells were cultured with culture boost
containing growth factors, antibiotics (Bac-Off, Kirkland, WA, USA), and 5% amphotericin
B. Cell media was changed every 2 days and the cells were passaged at 80% confluence.
After 4 passages, the cells were seeded onto 24-well plates (4 x 10 cells in 0.5 ml media/
well) coated with an extracellular matrix (ECM) product that promotes cell attachment and
incubated at 37°C and 100% humidity. The number of cells was determined with TC20
automatic cell counter (BioRad Life Sciences, Hercules, CA, USA).

2.2. Experimental Design

Twenty seven 24-well plates were placed in each oxygen condition: normoxia (Nx; 21% Oo;
5% CO»), hyperoxia (Hx; 50% Os; 5% CO5,), and intermittent hypoxia (50% O, with brief,
clustered episodes of 10% O5; 5% CO,). In each oxygen environment, 3 plates each (24, 48,
and 72 h) were treated with 5 pg/ml of either MNTBAP, bovine liver catalase, or EUK-134
(Sigma Aldrich, St. Louis, MO, USA). On the day of the experiment, the media was
replaced with media containing drug or placebo saline, and the cells were randomly assigned
to the various oxygen environments. Media and cells were harvested at 24, 48, and 72 h post
treatment and frozen at —80°C until assay. For media samples, 3 wells in each group were
pooled for a total of 8 samples per group. For cell samples, 6 wells were pooled for a total of
4 samples per group.

2.3. Hx and IH Profiles

Cells exposed to Hx and IH were placed into specialized dual subchambers (PROOX model
110 oxygen regulator, Biospherix, Redfield, NY, USA) attached to a C42 oxycycler
(BioSpherix, Parish, NY, USA). The oxycycler supplied O,, N5, and CO5 to the
subchambers according to the oxygen profile created to simulate IH [24-28]. The oxygen
environment was monitored with oxygen sensors inside the chambers. For the Hx profile,
oxygen was set continuously at 50% and remained constant until the end of the experiment.
For the IH profile, oxygen was set at 50% for 30 min, followed by three 1-min hypoxia
(10% O,) episodes, each 10 min apart, for a total of eight clustered episodes/day consistent
with the severe OIR model reported by our laboratory [29]. The oxygen content in the media
was continuously monitored using an oxyvalidator with an oxygen sensor (BioSpherix)
inserted directly into the media of a sacrificial well with cells.
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2.4. 8-isoPGFy, Assay

Levels of 8-isoPGF,, in the media were determined using commercially available enzyme
immunoassay Kits purchased from Cayman Chemical (Ann Arbor, MI, USA), according to
the manufacturer’s protocol.

2.5. H,O, Assay

Levels of H,0, in the media were determined using H,O» fluorometric assay kits purchased
from Cayman Chemical as previously described [23]. The H,0, assay kit quantitates
extracellular H,O, produced by cultured cells. Catalase, an H,O,scavenger, was used for
checking specificity of the assay.

2.6. SOD, Catalase, and GPx Activity Assays

SOD, catalase and GPx activities were assessed in the media with the use of activity kits
purchased from Cayman Chemical as previously described [22, 30]. The activity of all three
types of SOD was measured by the dismutation of superoxide radicals generated by xanthine
oxidase and hypoxanthine. GPx catalyzes the reduction of hydroperoxides, including
hydrogen peroxide, by reduced glutathione and functions to protect the cell from oxidative
damage. The GPx activity assay measures all of the glutathione-dependent peroxidases.
Catalase is involved in the detoxification of HO,. It catalyzes the conversion of two
molecules of H,O, to molecular oxygen and two molecules of water. The catalase activity
assay utilizes the peroxidatic function of catalase for determination of enzyme activity.

2.7. Immunofluorescence

Cells were plated at the same time onto sterile 16-well culture slides (Fisher Scientific,
Pittsburgh, PA, USA) and exposed to similar conditions as described above for the 24-well
plates. At the end of each experimental time, 24, 48, and 72 h, the slides were washed, fixed
in 4% paraformaldehyde, permeabilized, and incubated with 8-hydroxy-2’-deoxyguanosine
(8-OHdG), catalase, SOD1, SOD2, and SOD3 primary antibodies (Santa Cruz
Biotechnology, Dallas, TX, USA), followed by Alexa Fluor fluorescent secondary
antibodies (Life Technologies, Grand Island, NY, USA). Cells were imaged at 20x
magnification using an Olympus 1X73 inverted microscope system and CellSens imaging
software (Olympus, Center Valley, PA, USA).

2.8. Real-Time PCR

Total RNA was harvested from cells by addition of RNAPro solution (MP Biomedicals,
Solon, Ohio, USA) to the wells. RNA was extracted using the FastPrep-24 system (MP
Biomedicals) and purified using the RNEasy mini cleanup Kits (Qiagen, Germantown, MD,
USA). Reverse transcriptase was performed using a RT? First Strand kit (SABiosciences,
Frederick, MD, USA). Real-time PCR arrays were carried out in duplicate using the Human
Signaling PCR Arrays (SABiosciences/Qiagen) with a BioRad 1Q5 real-time instrument
(BioRad, Hercules, CA, USA), as previously described [22]. Each PCR array plate consisted
of a panel of 5 housekeeping genes to normalize the PCR data; replicate genomic DNA
controls to detect non-transcribed genomic DNA contamination with a high level of
sensitivity; replicate reverse transcription controls to test the efficiency of the RT2 first
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strand reaction; and replicate positive PCR controls to test the efficiency of the PCR reaction
itself using a pre-dispensed artificial DNA sequence and the primer set that detects it. The
replicate controls also test for inter-well and intra-plate consistency.

2.9. Tube Formation Assay

Becton Dickinson (BD)-BioCoat Angiogenesis System-EC tube formation 96-well plates
(BD Biosciences, Bedford, MA, USA) were used for migration assays. Cells from each
group were plated at 2 x 10% in 50 pl media in each well. The plates were incubated for 16—
18 h at 37°C and then labeled with BD calcein AM fluorescent dye. The plates were imaged
at 4x magnification using an Olympus BX53 microscope, DP72 digital camera, and
CellSens imaging software (Olympus, Center Valley, PA, USA). The digital images were
analyzed using WimTube image analysis software (Wimasis, Munich, Germany) to measure
the following: (1) total tube length, which is the arithmetic sum of the length of whole
tubular structures; (2) total tube, which measures the arithmetic sum of tubular structures
between two branching points or a branching point and a loose end; (3) total branching
point, which is the arithmetic sum of the point where three or more tubes converge; (4) total
loop, which is the sum of all circular objects enclosed by the tubular structures; (5) mean
loop area, which is the arithmetic mean of the area of all the loops; and (6) mean loop
perimeter, which is the arithmetic mean of the border of the tubular structure of all loops.
Three images were analyzed per oxygen and treatment group to calculate mean values.

2.10. Statistical Analysis

To determine differences among the Nx, Hx, and IH oxygen groups and differences among
the treatment groups, two-way ANOVA was used for normally distributed data and Kruskal—
Wallis test for non-normally distributed data, following Bartlett’s test for normality. Post hoc
analysis was performed using the Tukey or Student-Newman-Keuls test. Significance was
set at p < 0.05, and data are reported as mean = SEM. All analyses were two-tailed and
performed using SPSS software version 16.0 (SPSS Inc., Chicago, IL, USA) and GraphPad
Prism software version 5.02 (GraphPad Inc., San Diego, CA, USA).

3. RESULTS
3.1. Cell Morphology

The normal cobblestone morphology of HRECs was observed at 24 and 48 h in all treated
and saline groups exposed to Nx, Hx, and IH. Cellular senescence was noticeable at 72 h
with an associated loss of the cobblestone morphology, especially in the saline-treated group
in Nx and Hx. At 72 h, MnTBAP, catalase, and EUK-134-treated cells in Hx preserved the
cobblestone morphology. However, only catalase-treated cells displayed the cobblestone
morphology in IH at 72 h (data not shown).

3.2. Effect on 8-isoPGF5

8-isoPGF,, is a reliable and proven biomarker for oxidative stress and is generated by free-
radical-induced peroxidation of arachidonic acid [31]. At 24 h post treatment, all
pharmacological antioxidants (MnTBAP, catalase, EUK-134) caused elevations in media
levels of 8-isoPGF,, in Nx conditions, but not in Hx or IH (Figure 1A). At 48 h, levels of 8-
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iSOPGF,,, rose in the saline-treated cells exposed to Hx and IH, and declined in the
antioxidant-treated cells exposed to Nx, Hx, and IH (Figure 1B). By 72 h, 8-isoPGF,,, levels
were elevated in the control groups and reduced in the antioxidant-treated groups, although
the most significant reduction was noted with MnTBAP treatment in Nx and Hx (Figure
1C).

3.3. Effect on H,0,

The principal mitochondrial ROS is O, ™ which is rapidly dismutated to the more stable
H,0, and O, by mitochondrial SOD (SOD?2). If H,05 is allowed to accumulate due to low
catalase and GPx activities, it reacts with iron to form the highly reactive hydroxyl radical.
At 24 h, both MnTBAP (SOD mimetic) and catalase successfully reduced H,0, levels in the
media during exposure to all oxygen conditions (Figure 2A). This effect was sustained at 48
(Figure 2B) and 72 h (Figure 2C). In contrast, treatment with EUK-134 (SOD and catalase)
resulted in accumulation of H,O, in all oxygen conditions (Figure 2), and only moderately
declined at 72 h (Figure 2C), suggesting that co-administration of SOD and catalase may not
be as effective for H,O, scavenging as catalase alone.

3.4. Effect on SOD

In the media, there was an immediate and significant increase in SOD activity, which
includes SOD1 (cytoplasmic), SOD2 (mitochondrial), and SOD3 (extracellular), in all O,
conditions at 24 h of exposure to catalase and EUK-134 (Figure 3A). By 48 (Figure 3B) and
72 h (Figure 3C), there was a progressive increase in SOD activity in all O, conditions with
MnTBAP treatment, while SOD activity remained consistently high with catalase and
EUK-134 treatment. Examination of the protein levels of specific SOD types in the HRECs
showed that SOD1 was decreased in Nx with all antioxidants; however, there was no
substantive change in SOD1 with MnTBAP treatment in Hx and IH, as well as with
EUK-134 treatment in IH (Figure 4). IH resulted in higher expression of SOD?2 in the saline-
treated cells (Figure 51). This effect was reversed with antioxidant treatment (Figure 5J-5L).

Similarly, SOD3 was suppressed with all antioxidants in all oxygen environments (Figure 6),
although the most effective suppression was accomplished with EUK-134 (Figure 6D, 6H,
and 6L). Real-time PCR analysis of the HRECs showed that catalase and MnTBAP
treatment in Nx resulted in a >5-fold downregulation in both SOD1 and SOD?2 (Table 1).

3.5. Effect on Catalase

In the media, MNTBAP treatment increased catalase activity levels at 24 h in all oxygen
conditions, with less pronounced elevations when exposed to catalase or EUK-134
compared to the saline-treated cells (Figure 7A). By 48 (Figure 7B) and 72 h (Figure 7C),
the effect of MNnTBAP progressively declined to reach placebo levels at 72 h. In contrast,
catalase activity increased at 72 h, but only in the Hx and IH groups (Figure 7C). EUK-134
caused a peak in catalase activity at 48 h in all oxygen environments, but this effect was not
sustained at 72 h, particularly in the Hx and IH groups. In the HRECs, all antioxidants
suppressed catalase expression in all oxygen environments compared to saline treatment
(Figure 8). Real-time PCR analysis of the HRECs showed that EUK-134 consistently
downregulated catalase expression by >5-fold in all oxygen environments (Table 1).
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3.6. Effect on GPx

At 24 h, MnTBARP significantly elevated Gpx levels in the media in all oxygen conditions
compared to saline, catalase, and EUK-134 treatment, and the levels doubled by 72 h (data
not shown). In the cells, MnTBAP treatment in Nx and Hx; and EUK-134 treatment in IH
caused a >5-fold downregulation in GPx-2, -3, -4, and -5 expression (Table 1).

3.7. Cell Migration and Tube Formation Assay

The HRECs underwent proliferation, migration, and differentiation into networks of
branching polygons and anastomosis of tubes forming a central vacuole. Table 2 presents the
morphometric analyses of HREC function and capacity to form tubes at 24 h. Data showed
that MnTBAP, catalase, and EUK-134 led to less tube formation in Hx than Nx-exposed
cells. However, cells treated with catalase and EUK-134 in IH formed significantly more
tubes than Nx cells. Saline-treated cells exposed to Hx and IH formed more tubes than NXx.
At 48 h, treatment with MnTBAP, catalase, and EUK-134 in Hx and IH resulted in
significantly less tube formation compared to treatment in Nx. However, compared to saline,
MnTBAP, catalase, and EUK-134 caused more tube formation in Nx and IH, but not in Hx
(Table 3). By 72 h, MnTBAP treatment in Nx suppressed tube formation and branching
points compared to saline treatment. Catalase and EUK-134 caused an opposite effect (Table
4). This is reflected by Figure 9. A similar response was noted in Hx. However, MnTBAP
treatment caused more tube formation in cells exposed to IH compared to Nx. Similarly,
MnTBAP, catalase, and EUK-134 treatment in IH caused more tube formation compared to
saline treatment in IH although the saline-treated cells exposed to IH displayed obvious
thicker polygonal, tumorigenic cells at 72 h (Figure 9I).

4. DISCUSSION

The role of IH in the development of OIR is well established [3, 5, 10, 22, 23, 29, 32].
However, the specific retinal endothelial cell responses to oxidative stress in OIR are poorly
understood. The present study is the first to describe the effects of IH on isolated human
retinal endothelial cells and the efficacy of pharmacological antioxidants for preventing
oxidative stress in this setting. Vessels of the immature retina of extremely low gestational
age neonates (ELGANS) at risk for severe ROP are fragile, leaky, and susceptible to
hemorrhage. In normal and aberrant angiogenesis, retinal endothelial cells migrate,
proliferate, and form new vessels in response to various cues. To understand the mechanisms
associated with IH-induced oxidative damage in the retina, we exposed HRECS to various
oxygen conditions and treated them with antioxidants, the first line of defense against
oxidative stress, in order to test the hypothesis that co-treatment with SOD and catalase will
prevent H,O, accumulation and have a more beneficial effect than SOD or catalase
individually. We have identified the following: (1) effect of pharmacological antioxidants on
media levels of 8-isoPGF,, was delayed. A reduction in oxidative stress may take up to 72
h; (2) MnTBAP (SOD mimetic) and catalase were more effective for H,O, scavenging in
the media when administered individually; (3) EUK-134 (combination of SOD and catalase)
was not effective for HyOoscavenging; (4) catalase and EUK-134 rapidly elevated media
SOD activity whereas a delayed response was noted for MnTBAP. This suggests that
exogenous SOD reduces extracellular SOD activity; (5) MNnTBAP had a latent suppressive
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effect on media catalase levels, up to 72 h; (6) MNnTBAP, but not catalase or EUK-134
progressively increased media GPx levels in all oxygen conditions, peaking at 72 h; and (7)
treatment with all antioxidants resulted in normal, but abundant tubulogenesis, while saline-
treated cells exposed to IH caused tumorigenic tubes. Together, these findings demonstrate
that all antioxidants, individually and co-administered, were effective for reducing oxidative
stress in HRECS. However, co-administration of SOD and catalase in the form of EUK-134
is not as effective as individual administration. Instead, co-administration of exogenous SOD
and catalase may result in extracellular accumulation of H,O, and subsequent production of
hydroxyl radical via interaction with iron. Given the effects of MNTBAP on H,0, and GPx
production, at the right doses, it may be the best choice for protecting the eyes against free
radical damage.

The delayed suppressive effect on 8-isoPGF,,, reflects the mechanism of action of these
pharmacological antioxidants. We speculate that MnTBAP, catalase, and EUK-134 work
intracellularly through penetration of the endothelial cell membrane in order to scavenge
free radicals in the cytosol. Therefore, the limited cell permeability of these antioxidants
may have delayed the enzymatic role, leading to early cumulative 8-isoPGF5, . Once the
antioxidant enters the endothelial cell, the catalytic property unique to the antioxidant further
determines the rate of successive chemical kinetics, such as the dismutation of O, ~ and its
product, H,O,. MNnTBAP and catalase were more effective for H,O, scavenging in the
media in all oxygen conditions when administered individually. From this finding, we
extrapolate that MNnTBAP and catalase entered the endothelial cells better than EUK-134
allowing earlier intracellular catalysis of H,O,, thereby, preventing H,O,from exuding into
the media. Our data suggests that MnTBAP may possess catalase activity since H,O5 did not
accumulate in the media. Other studies also reported that MnTBAP has redox properties that
scavenge a wider range of free radicals than only O, ™, and that MnTBAP possesses both
SOD activity and some catalase activity [33, 34].

EUK-134 was not as effective for HoO, scavenging as MnTBAP and catalase individually.
The down-regulated catalase expression by >5-fold in EUK-134 treatment in all oxygen
conditions sheds some light to the H,O, accumulation. This discovery is surprising because
EUK-134 has been documented to broadly scavenge peroxynitrite, O, ~, and H,05.
Moreover, EUK-134 is a synthetic salen-manganese complex that has been modified to
increase its catalase activity while retaining SOD activity compared with the previous
prototype, EUK-8. Moreover, EUK-134 has one of the better catalytic rate profiles of salen-
manganese complexes [35]. Alternatively, EUK-134 is approximately 43% less lipophilic
than EUK-138 with almost identical SOD and catalase catalytic properties [36], which may
compromise EUK-134’s cell membrane permeability and potency to scavenge intracellular
free radicals, and therefore, explain our result. Our result may also indicate that a
concentration higher than 5 pg/ml may be necessary to suppress the production of H,O,.
Another explanation is that EUK-134 may need to enter the mitochondrial matrix to relieve
the pathological H>O5 load. There is a second generation EUK drug, EUK-207, which is a
mitochondrial targeted SOD mimetic with equivalent catalytic properties to EUK-134.
Although EUK-207 may be more efficient at scavenging the free radicals originating from
the mitochondrial matrix [37, 38], if the cell membrane permeability of EUK-207 is similar
to that of EUK-134, then we anticipate a similar delay in scavenging H,0,.
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MnTBAP-treated cells exhibited delayed extracelular media SOD activity reflecting the
effective intracellular dismutation of O, by both endogenous SOD and exogenous
MnTBAP. Commercial preparations of metalloporphrins, such as MnTBAP, are low
molecular weight biomolecules that readily penetrate the cellular and subcellular membranes
[33]. Both the manganese (Mn) metal and porphyrin complex of MNnTBAP can catalyze O,
dismutation per se, therefore, deferring extracellular SOD activity in the media. MnTBAP
had a latent suppressive effect on media catalase level in response to intracellular HoO»
production by both endogenous SOD and exogenous MnTBAP. On the other hand, catalase-
treated cells had delayed catalase activity, which implies that catalase sufficiently scavenged
intracellular H,O, preventing H,O,from exuding into the media until 72 h. We speculate
that bovine liver catalase drug works in the cytosol or in other subcellular compartments,
such as peroxisomes, since catalase is naturally nonexistent in most mitochondria of
mammalian cells and catalase mitochondrial expression is only attainable by recombinant
plasmid technology [39]. Similar to the latent suppressive effect of catalase media activity,
our data also indicates that MnTBAP-treated cells had progressively increased media GPx
levels in all oxygen conditions, starting at 24 h. The nascent tubes and reduced cell numbers
that survived to 72 h in MnTBAP treatment in Nx and Hx undermine the antioxidant gene
expression data for MnTBAP. Our result implies that intracellular H,O, produced from O,
catalysis by SOD has leaked extracellularly into the media where catalase and GPx are
detected to reduce H,O5 to water. However, instead of an up-regulation of catalase and GPx
genes, we measured a >5-fold down-regulation in GPx-2, -3, -4, and -5 expression for
MnTBAP treatment of HRECs in Nx and Hx. This was in contrast to the higher levels of
antioxidants measured in the media. Measurement of antioxidants in the media was essential
to determine how the cells respond to changes in O, and to supplementation. H,O5 readily
crosses cell membranes. Therefore, catalase added outside the cell can exert both
intracellular and extracellular effects on H,O,. Scavenging of extracellular H,O, will result
in depletion of intracellular H,O, [40]. It was important to determine differences in
antioxidant activity with and without treatment to establish the uptake capacity of the cells
and secretion into the surrounding media under these noxious conditions. SODs are the
primary ROS detoxifying enzymes of the cell and the first response to O, ~. Normally, SOD
expression is induced or repressed to match ROS production such that more ROS will lead
to more SOD expression. In the present study, lower SOD expression in the cells may
suggest reduced ROS production in response to exogenous antioxidants and ROS
neutralization. When intracellular H,O, is depleted, catalase and glutathione are also
suppressed.

Finally, the antioxidants resulted in normal, but abundant tubulogenesis compared to saline
treatment in IH and Nx. This is unexpected because intermittent hypoxia has been shown to
promote endothelial cell resistance to pro-apoptotic stresses [41, 42]. However, our finding
may be spurious because we expose our HRECs to more episodes of IH per day than other
studies with possible pronounced deleterious effects on cellular differentiation and
tubulogenesis as observed in saline IH cells. Catalase- and EUK-134-treated cells in IH
formed similar quantities of tube networks as their normoxia counterparts at 48 and 72 h,
and this finding further supports our rationale. Moreover, saline treatment in IH exhibited
pathological, tumorigenic-appearing cells compared to antioxidants. Additionally, saline Nx
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cells experienced a decimated tubular network by 72 h. The saline normoxia cells may be
exhibiting physiological cell cycle behavior and begin to die at 72 h.

In conclusion, the advantage of using a cellular model for comparison of therapeutic
potential is that it is a simple biological system that is less likely to be influenced by drug
metabolism and bioavailability. However, the benefits from the catalytic antioxidants
observed in our in vitro model may not parallel in vivo efficacy. While all antioxidant
preparations used in this study were effective for the protection of HRECs from oxidative
stress due to Hx and IH, MnTBAP and catalase administered individually was superior to
their co-administration in the form of EUK-134. Further in vivo studies examining the
pharmacokinetic and pharmacodynamic profiles, drug safety, and dose guidelines are needed
prior to clinical application of these pharmacological antioxidant compounds.
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FIGURE 1. Effect of MNTBAP, catalase or EUK-134 on 8-isoPGFoq levels in the media of
human retinal endothelial cells exposed to Nx, Hx (50% O»), or IH

Data are presented as mean = SEM (n = 8 samples/group). *p < 0.05, **p < 0.01 vs Saline
Nx; #p < 0.01 vs Saline 50%; tp < 0.01 vs Saline IH; @p < 0.05, @@p < 0.01 vs
MnTBAPNYX, $8p < 0.01 vs Catalase Nx; %&p < 0.01 vs EUK-134 Nx.
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FIGURE 2. Effect of MNTBAP, catalase or EUK-134 on H»O5 levels in the media of human
retinal endothelial cells exposed to Nx, Hx (50% O5), or IH

Data are presented as mean = SEM (n = 8 samples/group). *p < 0.05, **p < 0.01 vs Saline

Nx; #p < 0.01 vs Saline 50%; tp < 0.05, $p < 0.01 vs Saline IH; @@p < 0.01 vs

MnTBAPNYX, $8p < 0.01 vs Catalase Nx; %&p < 0.01 vs EUK-134 Nx.
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FIGURE 3. Effect of MNnTBAP, catalase or EUK-134 on SOD activity levels in the media of
human retinal endothelial cells exposed to Nx, Hx (50% O»), or IH

Data are presented as mean = SEM (n = 8 samples/group). *p < 0.05, **p < 0.01 vs Saline
Nx; #p < 0.05, #p < 0.01 vs Saline 50%; tp < 0.05, tp < 0.01 vs Saline IH; @p < 0.05, @@p
< 0.01 vs MnTBAPNX, %¥p < 0.01 vs Catalase Nx; &&p < 0.01 vs EUK-134 NXx.
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Saline MnTBAP Catalase EUK-134

FIGURE 4. Effect of MNTBAP, catalase or EUK-134 on SOD1 protein expression in human
retinal endothelial cells exposed to Nx (panels A-D), Hx (50% O», panels E-H), or IH (panels 1-
L)

SOD1 was determined using immunofluorescence staining. Images were captured at 20x

magnification.
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MnTBAP Catalase EUK-134

FIGURE 5. Effect of MNTBAP, catalase or EUK-134 on SOD2 protein expression in human
retinal endothelial cells exposed to Nx (panels A-D), Hx (50% O», panels E-H), or IH (panels 1-
L)

SOD2 was determined using immunofluorescence staining. Images were captured at 20x

magnification.
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FIGURE 6. Effect of MNTBAP, catalase or EUK-134 on SOD3 protein expression in human
retinal endothelial cells exposed to Nx (panels A-D), Hx (50% O, panels E-H), or IH (panels 1-
L)

SOD3 was determined using immunofluorescence staining. Images were captured at 20x

magnification.

React Oxyg Species (Apex). Author manuscript; available in PMC 2018 May 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Quan etal.

Catalase Activity
(nmol/min/mL)

Page 20

24 Hr B 48 Hr
dok 40 >k
1 3 Nx 1
gt 50%0, 2~ 5. ##
t B H é E s 1
<E
*k s)) g 20-
© O @
S E S
< £ 0]
- * 8 < 10
v 0 :
Saline MnTBAP Catalase EUK-134 Saline MnTBAP Catalase EUK-134
C 72 Hr
40+ N
" O xo
gj - ss : 50%0,
2E - . H
S(“ = $$
o £ 204
0=
& 0
- g 88 &&
< = 104
o sk
04

Saline MnTBAP Catalase EUK-134

FIGURE 7. Effect of MNnTBAP, catalase or EUK-134 on catalase activity levels in the media of
human retinal endothelial cells exposed to Nx, Hx (50% O»), or IH

Data are presented as mean £ SEM (n = 8 samples/group).
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FIGURE 8. Effect of MNTBAP, catalase or EUK-134 on catalase protein expression in human
retinal endothelial cells exposed to Nx (panels A-D), Hx (50% O», panels E-H), or IH (panels 1-

L)

Catalase was determined using immunofluorescence staining. Images were captured at 20x

magnification.
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MnTBAP Catalase EUK-134

FIGURE 9. Effect of MNnTBAP, catalase or EUK-134 on tube formation capacity of human
retinal endothelial cells exposed to Nx (panels A-D), Hx (50% O», panels E-H), or IH (panels 1-
L)

Images were captured at 4x magnification.
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