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ABSTRACT

Multiple pathologic conditions, including hemorrhage,
tumor angiogenesis, and ischemia-reperfusion events,
will result in hypoxia and subsequent reperfusion. Pre-
vious studies have analyzed the lipid changes within
whole tissues and indicated that ischemia-reperfusion
altered tissue and cellular phospholipids. Using an in vitro
cell culture model of hypoxia and reoxygenation, we
examined the endothelial lipid changes. We hypothe-
sized that phospholipid scramblase 1, a protein that
regulates bilayer asymmetry, is involved in altering the
phospholipids of endothelial cells during hypoxia, a com-
ponent of ischemia, leading to B>-glycoprotein | and IgM
binding and subsequent lipid-mediated, inflammatory
responses. We have completed the first comprehensive
study of steady-state phospholipid scramblase 1 mMRNA
levels, protein expression, and activity under conditions
of hypoxia and reoxygenation. Phospholipid scramblase
1 regulates phosphatidylserine exposure in response to
oxygen stress, leading to B>-glycoprotein | and IgM
binding and lipid-mediated, inflammatory responses.

J. Leukoc. Biol. 98: 791-804; 2015.

Introduction

The eukaryotic cell membrane is a mosaic of phospholipids,
glycolipids, cholesterol, and other lipid moieties, in addition to
the many proteins that associate with the membrane. Previous
studies have investigated the intestinal phospholipid composition
of wild-type, Rag-1"/~, and TLR9 /~ mice using mass spectrom-
etry [1, 2]. Although no statistically significant differences in
intestinal phospholipids were found between the strains of mice,
the phospholipid compositions were altered by IR treatment

[1, 2]. The lipid changes included increased production of

Abbreviations: AA = arachidonic acid, APS = antiphospholipid syndrome, Bo
-GPI = Bo-glycoprotein |, Cox = cyclooxygenase, ESI-MS/MS = electrospray
ionization tandem mass spectrometry, HIF-1a = hypoxia inducible factor-1a,
IR = ischemia and reperfusion, lysoPC = lysophosphatidylcholine, NBD-PS =
1,2-dioleoyl-sn-glycero-3-phospho-L-serine-N-(7-nitro-2-1,3-benzoxadiazol-
4-yl)-labeled phosphatidylserine, NEM = N-ethylmaleimide, NL = neutral loss,
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lysolipids and AA, which is converted to PGs by the Cox enzymes
[1, 3]. Because endothelial hypoxia occurs in multiple pathologic
conditions, including IR, hemorrhage, and tumor angiogenesis,
we examined the endothelial lipid changes associated with
hypoxia.

Production of PGE,, a strong vasodilator and mediator of
vascular permeability, is necessary, although not sufficient, for IR-
induced injury [3]. Numerous studies have reported an increase
in PGE, production after reoxygenation of an oxygen-deprived
tissue. In vivo IR studies of the intestine [1, 3] and cerebrum
[4, 5] have demonstrated an increase in PGE, levels, as have in
vitro hypoxia studies with neonatal dermal cells [6]. However,
the specific cell types involved in the production of PGEy during
IR is unknown. Hypoxia followed by reoxygenation is frequently
used as an in vitro model of this damaging clinical condition. It is
known that hypoxia stimulates transcription of the inducible Cox
isoform, Cox2, which converts AA to PGs in endothelial cells [7].
Importantly, PGE, production correlates with PS exposure in
erythrocytes [8], and calcium-independent phospholipase Ay in
PS liposomes induces PGEs production [9].

The lipid bilayer is asymmetric, with most of the choline-
containing phospholipids in the outer leaflet and most of the
anionic phospholipids in the inner or cytosolic leaflet (reviewed
in [10, 11]). Although lipid bilayers are dynamic and continu-
ously undergoing slight modifications, certain stimuli can induce
major changes in the organization of the bilayer. A common end
result of bilayer disruption is the exposure of PS, an anionic
phospholipid, on the outer leaflet of the cell membrane, which
might mark the cell for apoptosis and/or coagulation (reviewed
in [12, 13]). Recognition of PS in the outer leaflet by the serum
protein, Bo-GPI, might protect the endothelium from oxidative
stress and inhibit angiogenesis. However, when bound by
antibodies, the complex acts as an opsonin of apoptotic cells
[14-16].

Three classes of proteins are responsible for maintaining the
asymmetry of the phospholipid bilayer under quiescent con-
ditions (reviewed in [17]). Two of these protein classes, flippases
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and floppases, require ATP for phospholipid transport. In
contrast, scramblases, the third protein class, are ATP indepen-
dent, responding alternatively to increased cytosolic calcium
concentrations ([18-20], reviewed in [17]) or acidic pH [21].
The scramblases are a very likely candidate for involvement in
hypoxia-induced phospholipid changes, because hypoxia treat-
ment results in ATP depletion [22, 23], increased acidity [24],
and increased concentrations of intracellular calcium ([22, 25],
reviewed in [26]). Each of the 4 scramblase proteins localizes to
a specific cellular compartment, with PLSCR1 found in the
plasma membrane [27].

The present study investigated the hypothesis that endothelial

cells are key mediators of the inflammatory response observed
after oxygen deprivation. Furthermore, this response can be

initiated by PLSCR1-mediated lipid scrambling, allowing for B9
-GPI binding and subsequent inflammation. Because lipidomic
analysis of tissues does not determine the specific cell types
involved, we used a hypoxia and reoxygenation model to examine
the lipid changes within a specific cell population. We report the
findings on the steady-state mRNA and protein expression and
activity of PLSCR1 under hypoxic conditions. The effects of
hypoxia and reoxygenation on Bo-GPI and IgM binding, phos-
pholipid changes, and downstream inflammatory markers in
endothelial cells are also demonstrated. Our results confirm that
endothelial cells contribute to the inflammatory response observed
after a period of hypoxia and are likely intimately involved in the
tissue damage observed after IR. Furthermore, PLSCR1 appears to
facilitate early phospholipid changes in endothelial cells that
ultimately result in a tissue inflammatory response.

MATERIALS AND METHODS

Cells

The mouse (C57Bl/6) endothelial cell line, MS1 (American Type Culture
Collection, Manassas, VA, USA), was grown and maintained in Dulbecco’s
modified Eagle medium (Gibco, Grand Island, NY, USA) with 10% fetal
bovine serum (Atlanta Biologicals, Lawrenceville, GA, USA), 10% Opt-MEM
(Gibco), and 1% Gluta-MAX (Gibco) in a humidified 5% COs incubator.

Hypoxia

The cells were seeded (3 X 10° for lipid and PGE, analysis, 1 X 10° for RNA
extraction, and 1 X 107 for Western blot) on tissue culture plates for 12-18 h
before hypoxia treatment. At the experiment, the medium was replaced with
medium that had been deoxygenated, either by 5 min of bubbling with

2 0.989% Os, 5.070% COq, 93.941% Ny gas mixture (referred to as 1% Os) or
placing the medium under vacuum for 15 min in a sealed flask. Plates of cells
were transferred to a hypoxia chamber (modular incubator chamber; Billups-
Rothenburg, Inc., Del Mar, CA, USA), and the chamber was purged with the
same gas mixture at 20 L/min for 5 min. The chamber was held at 37°C for
2 h. After 2 h of hypoxia, the cells were removed from the hypoxia chamber,
the hypoxic medium was replaced with normoxic medium, and cells were
placed into normoxic culture conditions (37°C humidified incubator with 5%

(continued from previous page)

PC = phosphatidylcholine, PE = phosphatidylethanclamine,

Pl = phosphatidylinositol, PLSCR1 = phospholipid scramblase 1, PS =
phosphatidylserine, QRT-PCR = quantitative real-time PCR, siRNA = small
interfering RNA, SLE = systemic lupus erythematosus, TCPBS = tissue
culture phosphate-buffered saline, TKI = tyrosine kinase inhibitor, VEGF =
vascular endothelial growth factor
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COy). The cells then were collected 15, 30, or 60 min later. Normoxic-treated
cells were subjected to normal growth conditions with replacement of
normoxic medium at the beginning of the experiment and again after 2 h.

PGE,

After normoxic or hypoxic treatment, supernatants were collected from the
cells and stored at —80°C until assayed. The PGEy concentration was
determined using a PGE, Express EIA Kit (Cayman Chemical, Ann Arbor, MI,
USA) and expressed as picograms per milliliter.

Lipid Extraction

Lipids were extracted using a method similar to that described previously [1].
In brief, after normoxic or hypoxic treatment, medium was removed, and the
cells were lysed with distilled water. The cells were then collected from the
tissue culture plates, and lysates were stored at —80°C until lipid extraction.
The lysates were thawed, vortexed, and transferred to glass tubes that had
been washed with a cation/phosphate-free liquid detergent (Contrex, Decon
Labs, King of Prussia, PA, USA) to eliminate contamination. Next, 1 ml of
chloroform and 2 ml of methanol were added, and the tubes were shaken
vigorously. An additional 1 ml of chloroform and 1 ml of distilled water were
added, and the tubes were again shaken vigorously. The tubes were
centrifuged at 4000 rpm for 5 min at 4°C. The organic layers were transferred
to clean glass tubes, and 1 ml of chloroform added to the aqueous phase. The
tubes were again shaken and centrifuged, and the organic layers were
removed 2 additional times. Distilled water (0.5 ml) was added to the
combined organic layers from each sample, and each was centrifuged once
more. The samples (organic layers) were submitted to the Kansas Lipidomics
Research Center for analysis by mass spectrometry.

Mass Spectrometry

An automated ESI-MS/MS approach was used, and data acquisition and
analysis were performed at the Kansas Lipidomics Research Center, as
described previously, with some modifications [28, 29]. Solvent was
evaporated from the extracts, and each sample was dissolved in 1 ml of
chloroform. Precise amounts of internal standards, obtained and quantified as
previously described [30], were added to the sample to be analyzed. The
sample and internal standard mixture were combined with solvents, such that
the ratio of chloroform to methanol to 300 mM ammonium acetate in water
was 300:665:35, and the final volume was 1.2 ml. These unfractionated lipid
extracts were introduced by continuous infusion into the ESI source of a triple
quadrupole MS/MS (API 4000; Applied Biosystems, Foster City, CA, USA)
using an autosampler (LC Mini PAL; CTC Analytics AG, Zwingen, Switzer-
land) fitted with the required injection loop for the acquisition time and
presented to the ESI needle at 30 pl/min.

Sequential precursor and neutral loss scans of the extracts produced
a series of spectra, with each spectrum revealing a set of lipid species
containing a common head group fragment. Lipid species were detected with
the following scans: PC, sphingomyelin and lysoPC, [M + H]+ ions in positive
ion mode with precursor of 184.1; PE and lysoPE, [M + H]+ ions in positive ion
mode with NL of 141.0; PI, [M + NH4]+ in positive ion mode with NL 277.0;
PS, [M + H]+ in positive ion mode with NL 185.0; phosphatidic acid, [M +
NH4]+ in positive ion mode with NL 115.0; PG, [M + NH4]+ in positive ion
mode with NL 189.0; lysophosphatidylglycerol, [M — H]— in negative mode
with Pre 152.9; and free fatty acids (i.e., free AA), [M — H] — in negative mode
with single-stage MS analysis. For each spectrum, 9-150 continuum scans were
averaged in multiple channel analyzer mode.

The background of each spectrum was subtracted, the data were smoothed,
and the peak areas were integrated using a custom script and Applied
Biosystems Analyst software (Applied Biosystems, Carlsbad, CA, USA). The
lipids in each class were quantified in comparison with the 2 internal standards
of that class, except for PI and AA, for which single standards were used. The
first and typically every 11th set of mass spectra were acquired on the internal
standard mixture only. Peaks corresponding to the target lipids in these spectra
were identified and the molar amounts calculated compared with the internal
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standards of the same lipid class. To correct for chemical or instrumental
noise in the samples, the molar amount of each lipid metabolite detected in
the “internal standards only” spectra was subtracted from the molar amount of
each metabolite calculated in each set of sample spectra. The data from each
“internal standards only” set of spectra were used to correct the data from the
subsequent 10 samples. Finally, the data are expressed as the mole percentage of
total lipid analyzed. Each class of lipid was also normalized to the sample protein
content and expressed as nanomoles of lipid class per milligram of protein.

Real-Time PCR

After normoxic or hypoxic treatment, the medium was removed and the cells
washed once with TCPBS (136.8 mM NaCl, 1.47 mM KHyPO,, 2.68 mM KCI,
8.58 mM NaoHPO,*7H,0). The cells were collected in 0.5—1 ml of TRIzol
Reagent (Invitrogen, Carlsbad, CA, USA), and total RNA was extracted according
to the manufacturer’s protocol. Complementary DNA was reverse transcribed
from 1 pg extracted RNA using the RevertAid First Strand cDNA Synthesis Kit
(Fermentas, Glen Burnie, MD, USA) or Quanta qScript cDNA kit (Quanta
BioSciences, Gaithersburg, MD, USA) and made according to the manufac-
turer’s protocol using random hexamers. Quantitative real-time PCR was used
to assess the steady-state mRNA transcript levels. Either Maxima SYBR
(Fermentas) or PerfeCTa SYBR Green FastMix (Quanta BioSciences) was
used as the master mix (25 pl total volume). The primers used are listed in
Table 1 and were obtained from Integrated DNA Technologies (Coralville, 1A,
USA). The genes of interest were normalized to 18s rRNA of each sample, and
the fold change was determined in relation to the normoxic controls.

Western Blot

Cell lysates were prepared after various lengths of normoxia after 2 h of
hypoxia and from normoxic controls. The cells were lysed and stored in

a buffer of 10 mM Tris-HCI (pH 7.0), 200 mM NaCl, 5 mM EDTA, 10%
glycerol, 1% Nonidet P40 with the following protease inhibitors: AEBSF (2 X
10”7 M), aprotinin (1 pg/ml), leupeptin (10 pg/ml), pepstatin (2.5 ug/ml),
calpain inhibitor (17 wg/ml), chymostatin (2.5 pg/ml), and antipain (2.5 pg/ml).
The protein concentration was determined by the bicinchoninic acid assay
(Pierce, Rockford, IL, USA) adapted for microtiter plates, and 60 pg of
protein was loaded per well on a 10% SDS gel. After transfer to a
polyvinylidene difluoride membrane, the membrane was blocked and probed
with rabbit anti-PLSCR1 Ab (Proteintech Group, Chicago, IL, USA) at 1:1000
dilution or mouse anti-a-tubulin Ab (GenScript, Piscataway, NJ, USA) at
1:10,000 dilution. Peroxidase-conjugated goat anti-rabbit IgG (Thermo Fisher
Scientific, Rockford, IL, USA) and peroxidase-conjugated donkey anti-mouse
IgG (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) were used
as secondary Abs at a dilution of 1:2500. Blots were visualized with SuperSignal
West Pico ECL Substrate (Thermo Fisher Scientific) and developed with an
ECOMAX film developer (Protec Medical Devices, Bonn, Germany). Image]
(NIH, Bethesda, MD, USA) was used to quantify the results, and the average of
5 independent sets of lysates are presented.
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Immunocytofluorescence Staining

The cells were seeded (1.5 X 10° per chamber) on 8 chamber glass slides (BD
Falcon, Franklin Lakes, NJ, USA) and allowed to adhere for 2 h or overnight. The
medium was replaced with serum free deoxygenated medium, as described,
and the slides were placed in a hypoxia chamber for 2 h or remained in
normal culture conditions as normoxic controls. After hypoxia, the cells were
provided with fresh medium, and reoxygenation was allowed for 1 h in the
presence of 10% Rag—27/7 (Bo-GPI) or C57Bl/6 (IgM) serum. The cells were
then fixed with methanol and blocked with 10% normal donkey sera for 30 min
at 37°C. The cells were stained overnight at 4°C with anti-human Bo-GPI Ab
(R&D Systems, Minneapolis, MN, USA, or EMD Millipore, Billerica, MA, USA)
or with donkey anti-IgG and IgM (3 wg/ml) directly conjugated with FITC or
Alexa Fluor 594, respectively (Jackson ImmunoResearch Laboratories, West
Grove, PA, USA) at concentrations recommended by the manufacturer. FITC-
conjugated donkey anti-goat IgG Ab (Jackson ImmunoResearch Laboratories)
was used as a secondary Ab for the anti-Bo-GPI Ab. Appropriate isotype control
Abs were used, and the slides were mounted with Prolong Gold containing
DAPI (Invitrogen). A Nikon Eclipse 80i microscope with CoolSnap CF camera
(Photometrics, Tucson, AZ, USA) and Metavue software (Molecular Devices,
Sunnyvale, CA, USA) were used to obtain images at room temperature.

Labeled Lipid Experiments

The cells were seeded (1 1.5 X 10%) on glass coverslips and allowed to adhere
for 2 4 h. During this time, a solution containing NBD-PS (Avanti Polar
Lipids, Alabaster, AL, USA; 1 uM lipid, 5.5 mM dextrose in TCPBS) was added
at a dilution of 1:100 to the medium to allow for lipid incorporation. The thio-
modifying agent, which also inhibits flippases, NEM (Alfa Aesar, Ward Hill,
MA, USA) was added to the coverslips at a concentration of 5 mM for the final
30 min. The inhibitor NEM was removed, and the cells were treated with
hypoxia, as described. After hypoxic or normoxic treatment, the cells were
rinsed with TCPBS and fixed with ice-cold methanol for 3 min. Trypan blue
(0.4%) was added to selected coverslips for 30 s to quench fluorescence in the
outer leaflet. After additional TCPBS washes to remove excess lipid, the
coverslips were mounted on glass slides with Prolong Gold containing DAPI
(Invitrogen). Parallel experiments were performed without the inhibitor
NEM. A Nikon Eclipse 80i microscope with CoolSnap CF camera (Photo-
metrics) and Metavue software (Molecular Devices) were used to obtain
images at room temperature.

siRNA Transfection

The transfection protocol provided by manufacturer (Santa Cruz Biotechnology,
Inc., Dallas, TX, USA) was followed. In brief, the cells were seeded into

6-well plates at a density of 2 X 10° cells per well. Next, 5 1 of siRNA duplex
(a pool of 3 PLSCRI-specific siRNAs or scrambled control siRNAs, each 20-25
nucleotides long) and 5 pl of siRNA transfection reagent were used to prepare
solutions A and B, respectively. Solutions A and B were mixed and allowed to

TABLE 1. QRT-PCR primer sequences

Primer sequence

Gene T (°C) Forward Reverse

18s° 58 GGTTGATCCTGCCAGTAGC GCGACCAAAGGAACCATAAC
VEGF 57 AGAGCAACATCACCATGCAG TTTCTTGCGCTTTCGTTTTT

Flt-1 56 TATAAGGCAGCGGATTGACC TCATACACATGCACGGAGGT
COX1 56 AAGGAGTCTCTCGCTCTGCTTT TCTCAGGGATGGTACAGTTGGG
COX2 58 ATTCAACACACTCTATCACTGGC CTGGTAATTCATCTCTCTGCTCTG
PLSCR1 56 TAGCTGCTGTTCCGACATTG ACAAGCACCAAGCATCACAG
PLSCR3 57 GTTCACCATCTCCAGGCAGT TAAGGGAAGGGTGGTGCTTG
Atp8al (flippase) 56 GTGTTTTGCTGTGGCTGAGA ATGGTTTCAGGCACTTGGTC
Abcbla (floppase) 56 GGCTTACAGCCAGCATTCTC CCAGCTCACATCCTGTCTCA

T, temperature. “Annealing temperature. "Ribosomal RNA; house-keeping gene to which genes of interest were normalized.
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incubate at room temperature for 30 min before their addition to the cells.
The cells were exposed to transfection medium for 6 h before the addition of

the serum-containing medium. The cells were assayed approximately 24 h
later. A fraction of the cells from each transfected well was collected either in
TRIzol reagent or as a cell lysate. RNA knock down was assessed by real-time
PCR as described, and decreased protein expression was assessed by Western
blot analysis of PLSCR1 expression. The other portion of each well was used
for labeled lipid experiments or immunocytochemistry, as described.
Annexin V binding

MSI cells (1.5-2 X 10° cells per well) were allowed to adhere for 1 h before
subjecting the cells to 2 h of hypoxia followed by 30 min of normoxia, as
indicated in Hypoxia above, in the presence or absence of the pan-caspase
inhibitor, Z-VAD-FMK (20 uM; R&D Systems) or DMSO as a solvent control.
Additional control wells were subjected to normoxia or received 5% ethanol.
The cells were removed from the plates, washed into Annexin Binding buffer,
and stained with FITC-AnnexinV (BioLegend, San Diego, CA, USA) per the
manufacturer’s direction for 15 min at room temperature. The washed cells
were resuspended in 100 pl of binding buffer and placed on slides by

a cytospin. The slides were rinsed and coverslipped and examined as indicated
using fluorescent microscopy.

Statistical analysis

Data are presented as the mean * standard error of the mean. Significance
(P < 0.05) was determined using one-way analysis of variance with Newman-
Keuls post hoc analysis (GraphPad Prism 5; GraphPad Software, Inc., La Jolla,
CA, USA), unless otherwise noted.

RESULTS

Two hours of hypoxia treatment induces transcription
of HIF and regulated genes

Previous studies have demonstrated that intestinal tissue from
wild-type mice express HIF-1la in response to IR; however, the
specific cell type involved was unknown [31]. To evaluate the role
of the endothelium in this inflammatory process, we initially
determined an appropriate length of hypoxia treatment to
induce HIF-la expression in an endothelial cell line, MS1,
derived from a C57Bl/6 mouse. Cell viability and transcription of
HIF-]a and the genes regulated by HIIFF were assessed. We
examined the transcript levels of HIF-la and found that
exposure to 1% Oy for 2 h significantly increased the
transcription level of HIFI1a (1.0 £ 0.33 normoxia vs. 1.84 + 0.50
hypoxia) and that HIF-la returned to baseline within 60 min of
reoxygenation (Fig. 1A). Importantly, cell viability was approxi-
mately 88% after 2 h of hypoxia but decreased sharply as the
length of hypoxic treatment increased further (data not shown).
We also examined genes downstream of HIF-1a, including VEGFE,
and Fi-1 (VEGFRI), as markers of hypoxia, because the
transcription of these genes is induced by hypoxia [32-35].
Similar to HIF-la, hypoxia induced a significant increase in
steady-state mRNA of both VEGF (1.00 = 0.19 normoxia vs.
2.11 = 0.30 hypoxia) and Fi-1 (1.00 = 0.28 normoxia vs. 2.50 =
0.21 hypoxia), as determined by QRT-PCR (Fig. 1B). Thus,

a hypoxic period of 2 h was used for the remainder of the studies.

Reoxygenation of endothelial cells generates lipids
involved in inflammation

To determine whether hypoxia altered the lipid composition of
the endothelial cells similar to what occurs with ischemia, we used
ESI-MS/MS to analyze the cells treated with 2 h of hypoxia alone,
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Figure 1. Hypoxia increases steady-state HIF-Ila mRNA. MS1 cells were
subjected to 2 h of hypoxia (1% O) followed by reoxygenation or left in
normal culture conditions (N). Fold change in steady-state mRNA
expression was determined by QRT-PCR. After hypoxia, followed by 0, 15,
30, or 60 min of reoxygenation, HII*Ia (A) and VEGF and Flt after
normoxia or hypoxia without reoxygenation (B). The results were
normalized to the corresponding 18s rRNA and compared with normoxic
samples. N = 4-5 samples per bar. *P < 0.05 compared with N.

cells treated with 2 h of hypoxia followed by varying lengths of
reoxygenation, and cells remaining in normal culture conditions.
Although the overall phospholipid composition was not changed
after treatment (Table 2), a significant increase in lysoPC was
found during the reoxygenation period (Fig. 2A). PC did not
significantly decrease; however, the abundance of this phospho-
lipid could have easily masked small changes in quantity (Fig. 2B).
We also evaluated the free fatty acid content of the cells, with
a special interest in free AA. The increased lysoPC observed with
reoxygenation (Fig. 2A) implies phospholipase activity during
this period, and a source of free AA is its cleavage from
a phospholipid by a phospholipase. Mass spectrometry analysis
indicated a decrease in the free AA content of the cells with
reoxygenation (Fig. 2C), suggesting possible conversion of newly
released AA to eicosanoids, such as PGEs, because hypoxia and
reoxygenation promotes increased transcription of the Cox
enzymes and production of PGEs [36].

Hypoxia and reoxygenation promotes increased
transcription of the Cox enzymes and production of
PGE; by endothelial cells

The lipid findings, in particular, the decrease in free AA, led us
to examine the Cox enzymes and production of PGE,, because
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TABLE 2. Lipid composition of MS1 endothelial cells with hypoxia and reoxygenation

treatment

Lipid class”  Normoxia” 0 min* 15 min? 30 min* 60 min/

LysoPC 0.04 = 0.01 0.02 = 0.00%* 0.06 = 0.00* 0.08 = 0.01* 0.04 = 0.01
PC 7.80 £ 0.90 7.82 = 1.31 842 + 1.21 8.95 * 1.32 8.59 = 1.33
SM 1.06 = 0.20 1.18 = 0.45 1.34 = 0.41 1.70 = 0.46 1.42 = 0.42
LysoPE 0.03 = 0.01 0.02 = 0.01 0.03 £ 0.01 0.04 = 0.01 0.02 = 0.00
PE 1.28 = 0.32 1.61 = 0.67 2.10 = 0.67 2.50 = 0.74 2.18 = 0.83
PI 0.33 £ 0.09 0.38 £ 0.19 0.38 = 0.14 0.54 = 0.18 0.37 = 0.14
PS 0.21 = 0.05 0.31 = 0.11 0.30 = 0.09 0.47 = 0.10 0.34 = 0.09
PA 0.03 = 0.01 0.02 = 0.01 0.03 £ 0.01 0.03 = 0.01 0.03 = 0.01
PG 0.05 = 0.01 0.05 = 0.01 0.07 = 0.01 0.07 £ 0.02 0.07 = 0.02

Data are presented as the means = sEm of nanomoles of lipid per milligram protein after normalization
of signal to internal standards of each lipid class. PA, phosphatidic acid; PG, phosphatidylglycerol; SM,
sphingomyelin. “Lipids were extracted from MSI1 endothelial cells after being subjected to 2 h of hypoxia
with or without varying lengths of reoxygenation or normoxic culture conditions and subjected to analysis
by MS. Each treatment group included 6-9 individual samples. “Normoxic controls. “Two hours of hypoxia
+0 min of reoxygenation. “Two hours of hypoxia + 15 min of reoxygenation. “Two hours of hypoxia + 30 min
of reoxygenation. /Two hours of hypoxia + 60 min of reoxygenation. *Statistically significant difference

(P < 0.05) from normoxic controls.

PGEs, a modulator of inflammation, is a necessary component
for intestinal IR-induced damage [3]. We used QRT-PCR to
determine the change in steady-state mRNA of 2 Cox isoforms in
normoxia and hypoxia/reoxygenation-treated cells. The steady-
state transcript of Cox2, the inducible isoform, was significantly
elevated during the hypoxic period and continued to increase,

with a peak at 30 min of reoxygenation (Fig. 2D). Surprisingly,

a significant increase in CoxI, considered the constitutive isoform,
was also observed and followed the trend of Cox2 (Fig. 2E).
Furthermore, the fold change of CoxI exceeded that of Cox2 (Fig.
2D and E). These data indicate that both isoforms could be
involved in PG regulation during periods of hypoxic stress.
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Figure 2. Lipid-mediated contents change with hypoxia treatment. A-C) MSI cells were subjected to 2 h of hypoxia (1% Os) followed by 0, 15, 30, or
60 min of normoxia or left in normal culture conditions (N). Lipid content was determined by ESI-MS/MS and normalized to protein content of each
sample. N = 5-9 samples per bar. D-F) Fold change in steady-state mRNA was determined by QRT-PCR. Cox2 (D) and CoxI (E) results were normalized
to corresponding 18s rRNA and compared with normoxic samples. N= 4-5 samples per bar. F) PGE, concentration of supernatants produced by 3 X 10°
cells as determined by enzyme immunoassay. N = 3—-6 samples per bar. *P < 0.05 compared with N.

wwwjleukbio.org Volume 98, November 2015 Journal of Leukocyte Biology 795


http://www.jleukbio.org

JLB

We continued to investigate our hypothesis by quantifying
PGE, production. A time course was established to determine
whether PGEs was produced during the hypoxic period or only
on reoxygenation and to identify the time point of maximal
response. The endothelial cells significantly upregulated pro-
duction of PGEs on reoxygenation, but no change was seen
during the hypoxic period (Fig. 2F). As early as 15 min after
hypoxia, the cells significantly increased PGEs production
compared with the control cells maintained in normal culture
conditions. Based on our sampling time points, the production
of PGEy peaked at 30 min after hypoxia. At that point, the
hypoxia-treated cells showed an almost 1800% increase (3391 =
575 pg/ml at 30 min of reoxygenation vs. 179 = 33 pg/ml for
normoxic controls) in PGE, production compared with
normoxic-treated cells. The time course of Cox transcription
and PGEy production correlate, in that steady-state transcrip-
tion of Cox enzymes is increased during hypoxia and
a significant increase in PGEy is not observed until 15 min into
the reoxygenation period (Fig. 2D-F). Together, these data
indicate that a biologic effect (PGEs production) accompanies
the lipid composition changes.

Lipids translocate between leaflets of the hypoxic
endothelial cell membrane

Because hypoxia results in lipid changes, it was likely that lipids
were also translocating between the inner and outer leaflets of
the cell membrane. This movement was confirmed by 2 methods,
Bo-GPI and annexin V binding. Previous studies have indicated
that Bo-GPI, a serum protein, binds anionic lipids, normally on
the inner leaflet of the lipid bilayer, on the endothelium after
a period of hypoxia and reoxygenation [37]. To confirm our
previous results, endothelial cells were subjected to hypoxia
treatment for 2 h followed by 1 h of reoxygenation before
analysis by immunocytofluorescence staining. As shown in

Fig. 3A, anti-Bo-GPI Ab stained the hypoxia-treated cells to

a much greater extent than did the normoxic control cells.
Because Bo-GPI has been proposed to bind to PS [38], additional
studies demonstrated that after hypoxia but not with normoxia,
annexin V also bound to the cell surface (Fig. 3B). This binding
was similar to that of apoptotic cells that had been treated with
5% ethanol. Propidium iodide was used to demonstrate that the
cells remained viable (data not shown). To further rule out
apoptosis after hypoxia and reoxygenation, the pan-caspase
inhibitor, Z-VAD-FMK, was added to some cultures. As demon-
strated in Fig. 3B, Z-VAD-FMK treatment inhibited annexin V
binding on ethanol-treated cells but annexin V bound similarly to
hypoxia-treated cells in the presence or absence of Z-VAD-FMK.
These data indicate that PS is expressed on the cell surface
after hypoxia and reoxygenation and is not inhibited by the
pan-caspase inhibitor at the early time point. In addition, not
only do lipid changes occur, but lipid translocation also occurs
between the inner and outer leaflets of the hypoxic endothelial
cell membrane.

Recovery from oxygen deprivation selectively
upregulates steady-state PLSCR1 mRNA

Phospholipids are involved in facilitating both B8,-GPI binding
and the AA cascade. PGEs production and PS exposure seem to
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A Normoxia
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o-p2-GP1
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30 min Reoxygenation

B Normoxia

Normoxia + ZVAD
Figure 3. B5-GPI binds endothelium after hypoxia treatment. A) MS1 cells
were grown on chamber slides, subjected to 2 h of hypoxia (1% Oy),
followed by 60 min of reoxygenation or left in normal culture conditions.
The cells were fixed and stained for Bo-GPI binding or negative control
(isotype). B) After normoxia, hypoxia followed by 30 min of reoxygena-
tion, or treatment with 5% ethanol (positive control), the cells were
incubated with annexin V. Additional cells were treated with Z-VAD

during the final 30 min. Images are representative of 3 independent
experiments with 4-6 pictures per treatment group per experiment.

1 hr Reoxygenation

be an interactive process, but the mechanism by which the
phospholipids change in hypoxic conditions is unknown. Several
enzymes play a role in maintaining the asymmetry of the lipid
bilayer. We hypothesized that PLSCR1 is involved in mediating
the lipid changes that occur with hypoxia and reoxygenation.
Analysis by QRT-PCR revealed a significant increase in steady-
state PLSCRI mRNA in endothelial cells recovering from
hypoxia treatment compared with the normoxic control cells
(Fig. 4A). Additional phospholipid-transporting proteins were
examined to verify that the response of PLSCR1 to hypoxia and
reoxygenation is specific. Steady-state levels of PLSCR3 mRNA,
which localizes to the mitochondrial membrane, did not change
with hypoxia but decreased with reoxygenation (Fig. 4C).
Similarly, 2 h of hypoxia alone did not alter the steady-state
mRNA of the representative flippase (At¢pSal) and floppase
(Abcbla) proteins. However, reoxygenation decreased the
measured mRNA levels (Fig. 4B and D).

Hypoxia alters PLSCRI1 protein expression

Our QRT-PCR data indicated increased transcription of PLSCRI,
and we hypothesized that PLSCRI1 protein levels might also
increase with reoxygenation. To examine a change in PLSCRI1
protein, whole cell lysates were prepared from hypoxia-treated
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and normoxic control endothelial cells. Western blot analysis
indicated a decrease in PLSCR1 protein levels immediately after
2 h of hypoxia treatment (time 0-30 min) compared with
normoxic controls, with the change being statistically significant
at the time points of 0, 15, and 30 min (Fig. 5). The protein levels
tended to increase back toward normoxic levels as reoxygenation
proceeded (Fig. 5). Taken together, our data indicate that the
PLSCRI protein decreases during the hypoxic period but that
reoxygenation induces an upregulation in steady-state mRNA
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and decreases the protein expression for the first 15-30 min
(Figs. 4A and 5). These data suggest that PLSCRI1 is sensitive to
oxygen tension and might be involved in the phospholipid
changes that occur in response to hypoxia and reoxygenation.

Hypoxia and reoxygenation increases activity
of PLSCR1

Changes in transcription and total protein do not necessarily
correlate with protein activity. Thus, we assayed for PLSCR1

Figure 5. PLSCR1 protein decreases with hypoxia
in endothelial cells. MS1 cells were subjected to 2 h
of hypoxia (1% O) followed by 0, 15, 30, or 60 min
of normoxia or left in normal culture conditions
(N). The 5 independent sets of lysates are
presented in (A) as A, B, C, D, and E. The average
of the 5 experiments are presented in (B). Whole
cell lysates were prepared and run on SDS-PAGE
followed by immunoblotting for PLSCR1 and the
control protein tubulin. A representative blot is
shown. Image] software (NIH) was used to quantify
the bands, and a ratio of PLSCRI1 to tubulin was
determined.

15 30 60
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activity under conditions of hypoxia and reoxygenation. NBD-
PS was allowed to incorporate into endothelial cell membranes
before the addition of NEM to chemically inhibit flippase
activity. As shown in Fig. 6A-C, in the absence of NEM, NBD-
PS was readily incorporated into the cell membranes, and no
change in total (inner leaflet and outer leaflet) NBD-PS was
observed after hypoxia or reoxygenation (Fig. 6A and C).
However, quenching of NBD-PS in the outer leaflet by

trypan blue revealed a statistically significant decrease in inner
leaflet NBD-PS after hypoxia treatment (Fig. 6B and C). To
evaluate the activity of PLSCR1 in the absence of flippase
activity, additional cells were treated with NEM to chemically
inhibit flippase activity. Although the addition of NEM
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decreased overall NBD-PS incorporation, hypoxia and
reoxygenation did not affect the total lipid incorporated

(Fig. 6D and F). Furthermore, the increased translocation of
NBD-PS from the inner to the outer leaflet present in the
untreated cells (Fig. 6B and C) was also present in the
NEM-treated cells (Fig. 6E and F). Thus, in endothelial cells,
PLSCRI activity is significantly increased by hypoxia and
reoxygenation; the percentage of NBD-PS in the inner leaflet
significantly decreases with hypoxia and reoxygenation com-
pared with the percentage present in normoxia, indicating loss
of NBD-PS from the inner leaflet (Fig. 6C). These data suggest
that during hypoxia, PLSCRI1 activity increases and trans-
locates NBD-PS from the inner leaflet to the outer leaflet,
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Figure 6. PLSCRI activity increases during hypoxia and reoxygenation. Before normoxia (top row) or 2 h of hypoxia (1% O) with or without 30 min of
reoxygenation treatment, NBD-PS was incorporated into MS1 cell membranes for 2 h with (D-F) or without (A-C) NEM treatment. Trypan blue was
added to some of the samples to quench fluorescence in the outer leaflet (B and E). NBD-PS fluorescence is presented in red and nuclei in blue. The
presence of NBD-PS both in the inner and outer leaflets and in the inner leaflet only (with trypan) in the presence (F) and absence (C) of NEM, are
quantitated by Image]. Images are representative of 3 independent experiments with 3—-6 pictures per treatment per experiment. *P < 0.05 compared

with normoxia (N).
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where it is quenched by trypan blue. PLSCR1 activity remains
high during reoxygenation, because it continues to translocate
NBD-PS.

Knock down of PLSCRI1 abrogates PS movement
during hypoxia

To demonstrate a specific role for PLSCR1, the labeled lipid
experiments were repeated after PLSCR1 expression was
knocked down with siRNA. We hypothesized that if PLSCR1
was transporting NBD-PS across the membrane, knock down
would limit the movement of NBD-PS and no difference would
be observed in inner leaflet fluorescence across the treat-
ments. Transfection resulted in knock down of PLSCRI to
approximately 20% of that in the control transfected or
untreated cells (Fig. 7A). Western blot analysis indicated
PLSCRI1 depletion in siRNA-treated cells compared with the
control or untreated cells (Fig. 7B). Compared with the siRNA
control-treated cells, knock down of PLSCRI1 did not alter the
normoxic levels of steady-state Cox2 mRNA but did signifi-
cantly increase overall PGE; production (Fig. 7C and D).
Similar to untreated cells, hypoxia induced a significant
increase in both Cox2 and PGEs in the control siRNA-treated
cells. However, the hypoxia-induced increase was not found in
PLSCRI siRNA-treated cells (Fig. 7C and D). Similar to the
untreated cells in the previous experiment (Fig. 6), hypoxia
treatment did not alter the total uptake of the lipid, as
determined by the fluorescent signal in the control cells
(Fig. 8A, C, and E). In addition, the inner leaflet fluorescent
signal decreased with hypoxia treatment, suggesting move-
ment from the inner leaflet to the outer leaflet by PLSCR1
(Fig. 8B and E). No change in inner leaflet fluorescence
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occurred with hypoxia or hypoxia and reoxygenation when
PLSCRI1 was knocked down (Fig. 8D and E). No net
movement of the lipid was detected in the absence of PLSCR1
(Fig. 8E). The data collected from the labeled lipid experi-
ments suggests that PLSCRI activity is increased during
hypoxia and reoxygenation, allowing for the exposure of
negatively charged phospholipids, such as PS, on the outer
leaflet of the bilayer and production of lipid mediators such
as PGEo.

B2-GPI binding is decreased with knock down
of PLSCR1

Bo-GPI binding studies were performed to further support the
hypothesis that PLSCRI activity is required for Bo-GPI binding to
the cell surface and initiating the inflammatory response.
Endothelial cells in which PLSCR1 was knocked down with siRNA
were used for these studies. Figure 9 shows that Bo-GPI binding is
minimal when endothelial cells are kept in normoxic conditions
but that hypoxia and reoxygenation treatment greatly enhance
binding of Bo-GPI to untreated and control siRNA-treated cells.
Hypoxia and reoxygenation treatment did not increase Bo-GPI
binding on the cells in which PLSCR1 had been knocked down
(Fig. 9).

Previous studies have demonstrated that natural IgM binds
Bo-GPI and other neoantigens during reperfusion. To de-
termine whether PLSCRI1 plays a role in neoantigen expres-
sion after hypoxia, MS1 endothelial cells treated with control
or PLSCRI1 siRNA were subjected to hypoxia and reoxygena-
tion in the presence of normal mouse serum. Under normoxic
conditions, neither untreated, control, nor PLSCRI siRNA-
treated cells stained positive for IgM (Fig. 10, top row). After

55kDa Tubulin

Figure 7. Hypoxia does not induce an increase in
steady-state Cox2 mRNA or PGE; production when
MSI cells are treated with PLSCR1 siRNA. MS1
endothelial cells were transfected with control or
PLSCRI1 siRNA before being subjected to normoxia
or 2 h of hypoxia (1% Oyg). PLSCRI transcription of
transfected MS1 cells was analyzed by QRT-PCR, as
described in Materials and Methods (A), and
PLSCRI1 protein expression in cell lysates was
determined by Western blot (B). After hypoxia or
normoxia treatment, QRT-PCR determined Cox2
steady-state mRNA expression in control or
PLSCRI siRNA-treated MSI cells (C). After nor-
moxia or hypoxia, PGE, secretions were deter-
mined from 3 X 10° MS1 cells treated with control
or PLSCRI siRNA (D). N = 4-10 samples per bar
from 2-3 experiments. *P < 0.05 compared with
respective control siRNA-treated cells.

37kDa PLSCR1
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Figure 8. PLSCRI1 siRNA inhibits hypoxia-induced lipid translocation. MS1 endothelial cells were transfected with control (A and B) or PLSCR1 (Cand D)
siRNA before subjection to normoxia (top row) or 2 h of hypoxia (1% Oy) with or without 30 min of reoxygenation with NEM treatment. Trypan blue
was added to additional samples to quench fluorescence in the outer leaflet (B and D). NBD-PS fluorescence is presented in red and nuclei in blue.
NBD-PS in both the inner and outer leaflets (A and C) and in the inner leaflet only (B and D) of cells transfected with control siRNA (A and B) or
PLSCR1 siRNA (C and D). Images (80X) are representative of 5 independent experiments with 3—-6 pictures per treatment per experiment. Image]
software (NIH) was used to quantify fluorescence (E). The percentage of fluorescence remaining in the inner leaflet after treatment is presented with
12-18 cells per treatment analyzed (F). *P < 0.05 compared with respective siRNA control.

hypoxia, IgM bound to untreated and control siRNA-treated
cells but not to PLSCR1 siRNA-treated cells (Fig. 10, bottom
row). No staining was visualized in the absence of normal
mouse serum (data not shown). Together, these data further
support our hypothesis that hypoxia and reoxygenation
requires PLSCRI activity for Bo-GPI and natural IgM binding
to endothelial cell, possibly by inducing translocation of PS to
the outer leaflet of the cell bilayer.

DISCUSSION

Oxygen deprivation, whether acute or chronic, results in several
changes at the cellular level. Stabilization of the HIF-1a subunit
allows for HIF activity, which alone influences the transcription
of >150 genes (reviewed in [39, 40]). It is well established that
inflammation contributes to IR-induced intestinal pathologic
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features. However, the specific cell types involved and the specific
role of HIF-1a are unclear. For example, Kannan et al. [31]
found partial HIF-1a deficiency to be protective, but Hart et al.
[41] found that HIF-1la deficiency in intestinal epithelial cells
enhanced intestinal IR-induced injury. We hypothesized that
endothelial cells are key mediators of the lipid-mediated
response observed after the oxygen deprivation that occurs with
ischemia. Specifically, we hypothesized that lipid scrambling by
PLSCRI allows for PS exposure, which provides for binding of
Bo-GPI, a serum protein, to endothelial cells and elicits cellular
responses after hypoxia and reoxygenation. In the present study,
we have demonstrated that subjecting endothelial cells to
hypoxia and reoxygenation increases PLSCRI activity and allows
Bo-GPI binding to endothelial cells.

Preliminary studies were required to determine the optimal
length of hypoxia treatment. Our goal was to ensure hypoxic
conditions while preserving a high level of cell viability.
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Untreated Control siRNA PLSCR1 siRNA

Normoxia

Figure 9. PLSCR1 siRNA inhibits hypoxia-induced [3o-GPI binding to MS1
cells. MS1 endothelial cells were untreated or transfected with control or
PLSCR1 siRNA before subjection to normoxia (top row) or 2 h of hypoxia
(1% Og) with 30 min of reoxygenation. The cells were fixed and stained
with anti-B2-GPI. Images are representative of 3 independent experi-
ments with 4-6 pictures per treatment group per experiment.

Although endothelial cells are sensitive to hypoxia, these cells
release products required for the IR-induced inflammatory
response. We found that 2 h of hypoxia at 1% Os resulted in
increased transcription of HIF-1a, as well as VEGF and Flt-1
genes, directly induced by HIF [32, 33, 35], providing evidence
that a state of hypoxia was attained. Exposure of the
endothelial cells to hypoxia for >2 h significantly decreased
cell viability (data not shown). These results are in agreement
with those from Michiels et al., who also found 2 h of hypoxia
to be optimal for primary human umbilical vein endothelial
cells [42]. Because PGEy production was significantly upregu-
lated after hypoxia treatment, similar to the response observed
from ex vivo intestinal tissue after IR [1, 3, 37], we continued
our studies, exposing endothelial cells to 2 h of hypoxia.

This is the first comprehensive examination of the effects of
hypoxia on PLSCR1 of which we are aware. Rami et al.
performed immunohistochemical staining for PLSCR1 in
human ischemic brain samples and found an increase in
PLSCRI1 protein in the ischemic samples compared with the
controls [43]. Our data indicated a decrease in protein levels
during a period of acute hypoxia (Fig. 5) but a significant
increase in steady-state RNA on reoxygenation (Fig. 4A). The
study by Rami et al. focused on the neurons of the brain, and
our study examined endothelial cells in culture; thus, the
differences in cell type and insult might resolve the apparent
discrepancy. An additional factor to consider is the potential of
PLSCRI to be released from the membrane. The decreased
protein expression found immediately after hypoxia treatment
(Fig. 5) could have resulted from shedding of the protein into
the culture medium, which was recently described for
PLSCR3 [44].

PLSCRI is a transmembrane protein when palmitoylated [45];
it facilitates scrambling of the lipid bilayer on an increase in
intracellular calcium or other polycations [46]. Unlike flippases
and floppases, PLSCRI1 activity often abolishes membrane
asymmetry, resulting in exposure of PE and PS on the outer
leaflet (reviewed in [17]). Externalization of PS is a hallmark of
apoptosis (reviewed in [12, 47]); however, transient exposure of
PS is observed on cellular activation, coagulation [48], and
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membrane blebbing [49]. Bo-GPI, a serum protein, binds
negatively charged phospholipids and has an affinity for PS [50].
Thus, several events might provide targets for fo-GPI binding to
the endothelium.

The role of PLSCR1 in PS translocation appears to vary
depending on the context or purpose of the PS exposure. Initial
studies of calcium-activated, PLSCR1 activation demonstrated
that PLSCRI1 translocated PS across the membrane but was not
required for apoptosis-induced PS translocation or PS-induced
coagulation when expressed on white blood cells or platelets,
respectively (reviewed in [51]). Ory et al. demonstrated that
although PLSCRI is not required for exocytosis by lung epithelial
cells, reinternalization of the vesicular membranes requires
PLSCR1 [52]. Recent data have suggested that IFN-a activation
of PLSCRI might play a role in PS exposure and apoptosis,
because ovarian cancer cell apoptosis increased when PLSCR1
expression was decreased [53]. Our data have demonstrated that
hypoxia induces PS expression on the outer leaflet in a PLSCR1-
dependent manner that is not sensitive to caspase inhibition (Fig.
3). Finally, we have demonstrated that PLSCRI1 is required for
natural antibody and the neoantigen $o-GPI binding to
endothelial cells in response to hypoxia (Figs. 9 and 10).
Together, these studies support the hypothesis that PLSCRI is
activated during hypoxia and facilitates the movement of
phospholipids between leaflets. PS expression as a result of IR-
induced injury does not result in apoptosis, but rather necrosis,
owing to complement-mediated cell death [54]. Thus, further
studies are needed to determine whether the expression of other
neoantigens and complement-mediated cell death require
PLSCRI1.

Recent studies have examined PLSCRI levels in autoimmune
patients, including APS and SLE patients. Transcription of
PLSCR1 was found to be increased in blood monocytes of APS
and SLE patients vs. controls [55, 56]. Interestingly, Bo-GPI is
a common antigen for APS and SLE patients ([57], reviewed in
[58]). Similarly, our data indicated increased PLSCR1 steady-
state mRNA expression (Fig. 4A) and increased binding of B
-GPI (Figs. 3 and 9) to endothelial cells with hypoxia and

Control siRNA PLSCR1 siRNA

Untreated

Normoxia

Hypoxia

Figure 10. PLSCRI1 siRNA inhibits hypoxia-induced IgM binding to MS1
cells. MS1 endothelial cells were untreated or transfected with control
or PLSCRI siRNA before subjection to normoxia (top row) or 2 h of
hypoxia (1% Os) with 30 min of reoxygenation. Normal mouse serum
(10%) was added to each well during normoxic and hypoxic conditions.
The cells were washed, fixed, and stained with anti-IgM. Images are
representative of 4-6 pictures per treatment group per experiment.
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reoxygenation treatment. Furthermore, inflammation is com-
mon to APS, SLE, and IR-induced injury, supporting the
hypothesis that PLSCR1-promoted Bo-GPI deposition is an early
pathogenic change.

ESI-MS/MS analysis revealed few changes in the phospholipid
composition of the endothelial cells with hypoxia treatment.
LysoPC did increase with reoxygenation (Fig. 2A and Table 2),
a trend also observed with hydrogen peroxide treatment of
a human endothelial cell line [59]. Perhaps lysoPC production
is a response coupled to oxidative damage, because both
treatments result in such damage. Additionally, changes in AA
were observed when endothelial cells were exposed to hydrogen
peroxide [59].

The Cox1 isoform has traditionally been considered the
constitutively active Cox enzyme, with inflammatory signals
upregulating the Cox2 enzyme. Our data indicate an upregula-
tion of steady-state mRNA of both isoforms (Fig. 2D-F).
Additionally, the fold increase in transcription of CoxI was more
than double that of Cox2 (36.0 = 1.4 vs. 16.8 = 2.1 at 30 min after
hypoxia). North et al. similarly found an increase in Cox1 protein
expression, but not Cox2 expression, at 15 min after exposure of
primary pulmonary endothelial cells to low oxygen tension [60].
These results suggest that both isoforms could be involved in the
downstream effects of hypoxic stress.

A time course tracking the effect of reoxygenation on PGE,
production and secretion by endothelial cells revealed a peak at
30 min of reoxygenation after 2 h of hypoxia (Fig. 2F). Data
from an in vitro study with bovine aortic endothelial cells and
human umbilical vein endothelial cells complement our data
(Fig. 2F), because an increase in total PGs was only observed
after reoxygenation and not immediately after a hypoxic period
of 2.5 h [61]. In vivo studies, which followed a similar time
course, found the maximum PGE, response at 2 h after
ischemia [1]. Several factors might contribute to this difference
in the timing of maximal PGEs production and secretion. The
hypoxic period in the present study was 2 h vs. 30 min of
ischemia in vivo. The present study examined a single cell type
(endothelium), but whole intestinal tissue, which consists of
several cell types (including epithelium and smooth muscle,
which are known to produce PGE, [62, 63]), was assessed in the
previous study. Future studies are required to examine the PGEy
produced by other cell types and combinations of different cell
types [61].

Our in vitro model does lack the complexity and interactions
that occur among cell types in whole tissue, in addition to the
nutrient deprivation that occurs with IR. However, the
endothelial cells used in our study yielded lipid-related changes
similar to those obtained from whole tissue [1, 2, 37]. The
endothelial cells produce and secrete vast quantities of PGE,,
a vasodilator and driver of cellular permeability, in a short time
period after relief of a hypoxic insult, another similarity to
intestinal IR pathologic features [3]. Taken together, this cell
model appears to be appropriate for future studies to determine
whether the natural Ab recognition of other neoantigens and
subsequent complement activation also occur on the
endothelium.

The results we have presented provide an opportunity to
further investigate several molecular interactions. First, the
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relationship between PLSCRI activity and PS exposure can be
elucidated. It is possible that an indirect, rather than a direct,
interaction occurs, potentially involving PGEs production,
because the time points used in the present study could not be
used to rule out the possibility that PS exposure or PLSCR1
transcription occurs secondary to PGE, production.

Several factors that contribute to IR-induced injury have been
identified; however, few effective therapies are currently avail-
able. Our work has demonstrated that molecular events
occurring in endothelial cells are relevant to the perpetuation of
tissue injury. Lipid scrambling during hypoxia, via PLSCRI,
allows for binding of IgM and the serum protein 3o-GPI on
reoxygenation. It is currently unknown whether lipid changes
result in expression of other neoantigens recognized by natural
Abs, which in turn can trigger activation of the complement
cascade in IR-induced injury. Additionally, lipid metabolism,
including the generation of AA and subsequent conversion to
PGE, via Cox enzymes, occurs. Thus, endothelial cells are a key
factor in the initiation of multiple pathways leading to cellular
damage and inflammation. Therefore, the role of PLSCR1 adds
to the understanding of IR-induced pathogenesis and could
provide a novel therapeutic target for surgical procedures.
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