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Ascorbate inhibits platelet-endothelial adhesion in an in-vitro
model of sepsis via reduced endothelial surface P-selectin

expression
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Plugging of the capillary bed can lead to organ failure and
mortality in sepsis. We have reported that intravenous
ascorbate injection reduces platelet adhesion to the
capillary wall and capillary plugging in septic mice. Both
platelet adhesion and capillary plugging require
P-selectin, a key adhesion molecule. To elucidate the
beneficial effect of ascorbate, we hypothesized that
ascorbate reduces platelet-endothelial adhesion by
reducing P-selectin surface expression in endothelial
cells. We used mouse platelets, and monolayers of
cultured microvascular endothelial cells (mouse skeletal
muscle origin) stimulated with lipopolysaccharide, to
examine platelet-endothelial adhesion. P-selectin mRNA
expression in endothelial cells was determined by real-
time PCR and P-selectin protein expression at the surface
of these cells by immunofluorescence. Secretion of von
Willebrand factor from cells into the supernatant

(a measure of P-selectin-containing granule exocytosis)
was determined by ELISA. Lipopolysaccharide (10 ng/ml,
1h) increased platelet-endothelial adhesion. P-selectin-
blocking antibody inhibited this adhesion.
Lipopolysaccharide also increased P-selectin mRNA in
endothelial cells, P-selectin expression at the endothelial
surface, and von Willebrand factor secretion. Ascorbate
pretreatment (100 pumol/l, 4 h) inhibited the increased

Introduction

Sepsis is the tenth leading cause of mortality in the
United States, [1] with a mortality rate near 40% [2].
Circulatory dysfunction, including cessation of blood
flow in septic capillaries, can lead to multiple organ
failure [3,4]. Capillary blood flow impairment is associ-
ated with increased platelet adhesion and fibrin depo-
sition in capillaries, suggesting that microthrombi have
formed, plugging the capillary bed [5]. Increased platelet
trapping in this bed could explain the reduced platelet
count in plasma of septic patients, which correlates with
increased mortality [6]. The cessation of capillary blood
flow increases the diffusional distance for oxygen to
reach cell mitochondria, leading to tissue hypoxia and
organ failure [7,8].

Microvascular thrombosis and disseminated intravascular
coagulation (DIC, [9]) contribute to the severity of sepsis.
During sepsis, increased platelet-endothelial adhesion
may be critical to the capillary flow impairment [5].
P-selectin is a key platelet-endothelium adhesion
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platelet adhesion, surface expression of P-selectin, and
von Willebrand factor secretion, but not the increase in
P-selectin mRNA. The lipopolysaccharide-induced
increase in platelet-endothelial adhesion requires
P-selectin presence at the endothelial surface.
Ascorbate’s ability to reduce this presence could be
important in reducing both platelet adhesion to the
capillary wall and capillary plugging in sepsis. Blood
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molecule [10] because inhibition of P-selectin results
in decreased platelet adhesion in the septic capillary,
as well as in reduced cessation of blood flow [5].
P-selectin is stored in Weibel-Palade bodies in endo-
thelial cells and, upon stimulation, it is expressed at the
surface of the cell where it facilitates platelet adhesion
through binding its counter receptor P-selectin glyco-
protein ligand-1 (PSGL1) [11]. Reactive oxygen species
(ROS) generated during sepsis have also been implicated
in the impairment of capillary blood flow [12,13]. ROS
have been shown to enhance activation of platelets [14]
and endothelial cells [15].

Ascorbate has been investigated as a possible treatment
for sepsis [16,17]. An intravenous bolus of ascorbate has
been shown to prevent and reverse the cessation of blood
flow in septic capillaries as well as increase survival of
septic mice [18,19]. Sepsis-induced increases in adhesion
of platelets and their aggregates in capillaries were also
inhibited by ascorbate treatment [5]. Although several
mechanisms have been proposed to explain the beneficial
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effect of ascorbate in the septic microvasculature [13], the
precise mechanism of this effect is unclear.

Our recent study showed that ascorbate could reduce
platelet adhesion during sepsis, as well as improve capil-
lary blood flow [5]. However, it was not possible
to determine whether ascorbate inhibited platelet-
endothelial adhesion directly, or indirectly, via hemody-
namic effects of ascorbate on capillary blood flow. To
address this issue, the present study employed a simple
in-vitro platelet-endothelial cell adhesion assay. This
in-vitro model could determine the effect of sepsis on
the endothelial P-selectin expression and the effect
of ascorbate on this expression. We hypothesized that
sepsis-induced platelet-endothelial adhesion and endo-
thelial P-selectin genomic expression and surface expres-
sion are reduced by ascorbate.

Methods

Reagents

Lipopolysaccharide (LPS), calcein-AM, protease inhibi-
tor cocktail, Superscript I1, and ascorbate were purchased
from Sigma-Aldrich (St. Louis, Missouri, USA). The
fluorescein isothiocyanate (FI'TC)-conjugated P-selectin
antibody (clone: Wug.E9) was purchased from Emfret
Analytics (Eibelstadt, Germany). P-selectin-blocking
antibody (clone: RB40.34) and rat IgG1 lambda isotype
control were purchased from BD Pharmingen (Missis-
sauga, Ontario, Canada). TRIZOL and Hoechst 33342
nuclear stain were purchased from Invitrogen (Burling-
ton, Ontario, Canada). A horseradish peroxidase (HRP)
tagged antirat IgG antibody was purchased from Jackson
ImmunoResearch Laboratories (West Grove, Pennsylva-
nia USA). An HRP antirabbit IgG antibody was pur-
chased from Cell Signalling Technology (Danvers,
Massachusetts, USA). Quantifast SYBR Green master
mix was purchased from Qiagen (Mississauga, Ontario,
Canada).

Endothelial cell harvest and culture

All experimental protocols were approved by the
University of Western Ontario Council on Animal Care.
Skeletal muscle microvascular endothelial cells were
harvested from wild-type (C57BL6) mice and isolated
as performed previously in our laboratory [20,21]. Briefly,
skeletal muscle from the hindlimb of mice was collected
and digested. The digest was plated and grown to con-
fluence. Endothelial cells were isolated by lectin coated
magnetic beads. Endothelial phenotype was confirmed
by the presence of von Willebrand factor VIII as pre-
viously described [22]. T'o model sepsis, endothelial cells
were treated with LPS (10 wg/ml) for 1h. Ascorbate
(100 wmol/l) was applied to cells as a pretreatment 4 h
prior to LPS treatment. In some experiments, a P-selectin
blocking antibody (clone: RB40.34, 1:1000) or control
IgG was added to endothelial cells concurrently
with LPS.
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Platelet collection and isolation

Blood (600 wl) was collected from anaesthetized male
mice via carotid artery puncture into a vial containing
100 wl of acid citrate dextrose solution. Platelets were
isolated by the method described by Singer e a/. [23].
Briefly, platelet-rich plasma was collected by centrifuging
the whole blood at 120g for 8 min. The plasma was then
re-spun to remove any collected leukocytes. Finally, the
platelets were pelleted at 735¢ for 10 min and resus-
pended in phosphate buffer solution (PBS).

In-vitro adhesion model to mimic the platelet-
endothelial cell interaction

"To visualize platelets with fluorescence microscopy, iso-
lated platelets were incubated with 8 wmol/l calcein-AM
for 10 min. The platelets were pelleted at 735¢ for 10 min
to remove excess calcein-AM and re-suspended in fresh
PBS. Following endothelial cell treatments, ~3 x 10°
platelets were added to the confluent monolayer of
~0.25 x 10° endothelial cells and co-incubated under
static conditions for 1 h, and then washed. The remaining
platelets adhering to the endothelial cells were visualized
with a Zeiss fluorescence microscope using a 20x mag-
nification objective. LLabeled platelets were then counted
in the entire area of the microscopic field of view
(0.43 mm x 0.32 mm). Each treatment group was done
in triplicate and five arbitrary fields of view (chosen
blindly) were used per replicate. Counts of attached
platelets were repeated by a separate individual blinded
to the conditions.

P-selectin and PSGL1 mRNA expression in cultured
endothelial cells

P-selectin and PSGLL1 mRNA were measured by real-
time qPCR. After treatment, total mRNA from the endo-
thelial cells was collected using TRIZOL according to
the manufacturer’s instructions. mRNA was then
reversed transcribed to cDNA by Superscript II. We used
gPCR to determine the mRNA expression levels of P-
selectin (primers: forward 5’-GTCCACGGAGAGTT-
TGGTGT-3 and reverse 5’-AAGTGGTGTTCGGAC-
CAAAG-3’) and PSGL1 (primers: forward 5-CTTC
CTTGTGCTGCTGACCAT-3" and reverse 5-TCAG
GGTCCTCAAAATCGTCATC-3’) and used PB-actin
(primers:  forward 5’-TCGTGGGCCGCTCTAGG-
CACCA-3’ and reverse 5-GTTGGCCTTAGGGTT-
CAGGGGGG-3’) as our reference gene. The qPCR
was carried out using Quantifast SYBR Green master
mix on a MiniOpticon Real-Time PCR System (Bio-Rad,
Mississauga, Ontario, Canada). We used the following
cycling protocol: 95°C for 5min, and then 40 cycles of
95°C for 10, 60°C for 30 s, and 80°C for 30s. SYBR green
fluorescence intensity was acquired at 80°C in each
amplification cycle. Subsequently, a melt curve was
generated, starting at 60°C and taking measurements
every 0.2°C until 95°C was reached.
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Immunofluorescence for P-selectin surface expression
P-selectin surface expression was measured by immuno-
fluorescence. Endothelial cells treated as described
previously were incubated with a FITC-conjugated
P-selectin antibody (clone:Wug.E9, 1:200) concurrently
with control or LLPS treatment. The cells were then
washed thoroughly and fixed with 4% paraformaldehyde.
Following fixing, cells were co-stained with Hoechst
33342. The cells were imaged with a Zeiss Observer
D1 microscope using AxioVision Rel 4.7 software. Cell
counts were taken from a minimum of 5 fields of view
chosen at random, per experimental group. Cells were
defined as P-selectin positive if the fluorescence intensity
was greater than that of unlabeled cells (i.e. cells that
were not incubated with the antibody).

Von Willebrand factor ELISA

P-selectin is contained together with von Willebrand
factor (vWF) in Weibel-Palade granules under the sur-
face of endothelial cells. Exocytosis of these granules
delivers to the surface both vWF and P-selectin [11].
Endothelial cells grown to confluence were treated with
dialyzed serum medium with or without ascorbate
(100 wmol/l) for 4 h. The medium was replaced by fresh
medium without ascorbate and the cells were treated
with LPS (10 pwg/ml) for 1h. The cell supernatant was
collected and measured for vWF using a commercially
available ELISA kit (Cusabio, Wuhan, China).

Statistical analysis

Data are represented as mean 4 standard error and #
represents the number of mice or separate cell culture
experiments. The cells were harvested from at least three
different mice per treatment group. Data were analyzed
by one-way ANOVA followed by 7 test with Bonferroni
correction for multiple comparisons. P values less than
0.05 were considered significant.

Results

P-selectin-blocking antibody and ascorbate inhibit LPS-
induced platelet-endothelial cell adhesion

To determine whether the previously reported inhi-
bition by ascorbate of platelet-endothelial interactions
in capillary 7z vivo [5] was a direct effect of ascorbate on
endothelial function, rather than an indirect effect on
capillary hemodynamics, an in-vitro model was
employed in the present study. In this model, LPS
increased platelet-endothelial cell adhesion under static
conditions (Figs. 1 and 2). The LPS-induced increase in
adhesion was prevented by addition of a P-selectin-
blocking antibody applied to endothelial cells concur-
rently with LPS (Fig. 1). These data indicate that
P-selectin is necessary for the LPS-induced platelet
adhesion. Pretreatment of endothelial cells with ascor-
bate for 4 h inhibited the LLPS-induced increase in plate-
let-endothelial cell adhesion, (Fig. 2) indicating that
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Effect of P-selectin-blocking antibody on lipopolysaccharide (LPS)-
induced endothelial cell-platelet adhesion. Microvascular endothelial
cells (mouse hindlimb muscle origin) were treated with LPS (10 pg/ml)
for 1 h and then washed. Immediately thereafter, cells were co-
incubated with untreated platelets for 1 h, and then washed again (prior
to incubation, platelets were labeled with fluorescent calcein AM).
Platelets adhering to the endothelial surface were counted by
fluorescence microscopy. A separate group of endothelial cells was co-
treated with a P-selectin-blocking antibody during the LPS treatment.
LPS significantly increased the endothelial cell-platelet adhesion. P-
selectin block inhibited this increased adhesion. (*significantly different
from control vehicle-treated group, #significantly different from control
LPS-treated group, P< 0.05, n=5/group).

ascorbate plays a direct role in reducing platelet-
endothelial interactions.

Lipopolysaccharide increases P-selectin mRNA but not
PSGL1 mRNA expression

In endothelial cells, LPS treatment significantly
increased P-selectin mRNA expression (Fig. 3). Pretreat-
ment of the endothelial cells with ascorbate did not affect
this increase (Fig. 3). Thus, ascorbate did not affect the e
novo synthesis of P-selectin. Furthermore, LLPS did not
affect the counter-receptor PSGL.1 mRNA expression in
endothelial cells (Fig. 3).
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Effect of ascorbate on LPS-induced endothelial cell-platelet adhesion.
Endothelial cells treated with LPS for 1 h were co-incubated with
untreated platelets for 1 h, washed, and adherent platelets were
counted by fluorescence microscopy. A separate group of cells was
pretreated for 4 h with ascorbate (100 umol/l) prior to LPS treatment.
LPS treatments significantly increased the endothelial cell-platelet
adhesion. Ascorbate inhibited this increased adhesion. (*significantly
different from control vehicle-treated group, #significantly different from
control LPS-treated group, P< 0.05, n="5-8/group).
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Effect of ascorbate on P-selectin and P-selectin glycoprotein ligand-1
(PSGL1) mRNA expression in LPS-treated endothelial cells.
Endothelial cells treated with LPS for 1 h were assayed for P-selectin
or PSGL1 mRNA expression by real-time qPCR. A separate group of
cells was pretreated for 4 h with ascorbate prior to LPS treatment.
LPS treatments significantly increased P-selectin but not PSGL1
mRNA. Ascorbate did not affect this increased expression.
(*significantly different from control vehicle-treated group, P< 0.05,
n=6-"7/group).

Ascorbate inhibits lipopolysaccharide-induced
P-selectin surface expression in endothelial cells
Although ascorbate did not affect expression of P-selectin
mRNA, ascorbate could alter P-selectin expression func-
tionally, in terms of its protein expression at the endo-
thelial surface. Based on immunofluorescence probing for
P-selectin protein expression at the endothelial surface,
we observed that LPS significantly increased the number
of cells expressing P-selectin (Fig. 4). Ascorbate pretreat-
ment inhibited this increase (Fig. 4).
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Effect of ascorbate on LPS-induced P-selectin surface expression.
Endothelial cells treated with LPS for 1 h with or without a pretreatment
with ascorbate for 4 h were assayed for cell surface P-selectin protein
by immunofluorescence. LPS significantly increased the cell surface
P-selectin expression. Ascorbate inhibited this increased expression.
(*significantly different from control vehicle-treated group,
#significantly different from control LPS-treated group, P < 0.01,
n=4-6/group).

Effect of ascorbate on LPS-induced release of von Willebrand factor
(VWF) from endothelial cells. Cell culture medium of endothelial cells
treated with LPS for 1 h was collected and assayed for vVWF by ELISA.
A separate group of cells was pretreated for 4 h with ascorbate prior to
LPS treatment. LPS increased VWF release from endothelial cells.
Ascorbate inhibited this increased VWF release. (*significantly different
from control vehicle-treated group, #significantly different from control
LPS-treated group, P< 0.05, n=5/group).

Ascorbate inhibits vWF release in lipopolysaccharide-
treated endothelial cells

To examine mechanistically how ascorbate affects
P-selectin surface expression, we measured vWF release
from endothelial cells into the supernatant. Both
P-selectin and vWF are contained in Weibel-Palade
granules under the surface of endothelial cells and ascor-
bate could potentially affect exocytosis of these granules
[11]. LPS increased vWF release from endothelial cells
and ascorbate inhibited this increase (Fig. 5).

Discussion

In the present study, LPS treatment of endothelial cells
increased platelet-endothelial adhesion. P-selectin-
blocking antibody and ascorbate inhibited this increase.
LPS increased P-selectin mRNA and surface protein
expression in endothelial cells, as well as vVWF release
from these cells. Ascorbate inhibited the increases in
adhesion, surface P-selectin, and vWF release, but not
the increase in P-selectin mRNA. It appears that
ascorbate affected P-selectin functionally to inhibit
LPS-induced platelet-endothelial adhesion.

Sepsis was reported to induce platelet adhesion to the
capillary wall 7z vive [S]. Our present in-vitro model
successfully mimicked this observation. LPS has been
shown to increase platelet-endothelial cell adhesion [24].
In our model, increased adhesion was P-selectin-depen-
dent, as blockage of P-selectin via an antibody prevented
stimulated adhesion. As only endothelial cells received
treatments in the present model, activation of endothelial
cells was responsible for changes in platelet-endothelial
adhesion. Therefore, we propose that LPS causes
an increase in P-selectin expression in the endothelial
cells, leading to increased adhesion. The observed
LPS-induced increases in P-selectin mRNA (Fig. 3)
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and P-selectin protein surface expression (Fig. 4) are
consistent with this proposal (similar LPS-induced
increases have been seen elsewhere [25-28]). As
P-selectin-PSGL1 binding can produce further signaling
that also leads to adhesion involving other adhesion
proteins [10], the role of P-selectin in the observed
adhesion could be direct or indirect.

We previously reported that ascorbate reduces platelet
adhesion in septic capillaries [5]. To our knowledge, we
show here for the first time that ascorbate directly inhibits
platelet-endothelial adhesion in an in-vitro assay.
Previous reports have shown that other antioxidants,
namely vitamin E and quercetin, can reduce platelet-
endothelial adhesion iz vitro [29,30]. Szuwart et a/. found
that the inhibitory effect of vitamin E on platelet
adhesion was seen in platelet-rich plasma but not in
isolated platelets [30].

Treatment with ascorbate did not affect P-selectin
mRNA expression in the endothelial cells (Fig. 3). This
finding contradicts a previous report that the antioxidant
nebivolol inhibits P-selectin mRNA expression in human
macrovascular endothelial cells stimulated with oxidative
low-density lipoprotein [31]. The difference could be
explained by the use of a different stimuli, species, or cell
type. However, importantly, we show for the first time
that pretreatment of the endothelial cells with ascorbate
inhibited the LPS-induced increase in P-selectin protein
surface expression. Together with the P-selectin-depen-
dent platelet adhesion shown in Figure 1, this indicates
that ascorbate reduces platelet-endothelial interaction by
reducing P-selectin on the surface of the endothelial
cells. Others have reported similar effects with antiox-
idants in terms of reducing P-selectin surface expression
caused by thrombin [32] or hypoxia/re-oxygenation [33]
in human umbilical vein endothelial cells. Thus, it is
possible that the antioxidant effect of ascorbate is respon-
sible for the inhibition of LPS-induced platelet-
endothelial adhesion and that this inhibition is mediated
via reduced P-selectin surface expression on endothelial
cells.

It is unlikely that over the period of 1 h of LPS treatment,
the de-novo synthesis of P-selectin protein was increased.
The observed increase in surface P-selectin expression
was more likely because of exocytosis of P-selectin
protein already contained in Weibel-Palade granules
(WPG). To address this possibility, we measured vWF
secretion as a marker of WPG exocytosis. Again, consist-
ent with the literature [34], LPS increased vWF release
from endothelial cells (Fig. 5). We also demonstrated that
ascorbate pretreatment inhibits vVWF release from LPS-
stimulated endothelial cells. A similar inhibitory effect of
the antioxidant genipin on vVWF release was reported for
thrombin-stimulated cells [35]. It is therefore likely that
the inhibition of P-selectin surface expression by ascor-
bate was through reduced WPG exocytosis.

In conclusion, we used an 7z vitro model of sepsis in mice
to demonstrate that LPS increases platelet-endothelial
adhesion P-selectin dependently. Consistent with the
inhibitory effect of ascorbate against this adhesion
observed in septic capillaries iz vivo, ascorbate also
inhibited this adhesion in the present in-vitro model.
Ascorbate also inhibited LLPS-induced increases in endo-
thelial P-selectin surface expression and in vWF release,
suggesting that the inhibition involves posttranslational
modification of P-selecting function at the endothelial
surface.

Acknowledgements

We thank Dr G. Cepinskas and Ms S. Seghal and Ms F.
Li for technical help. We acknowledge Ontario Graduate
Scholarship in Science and Technology (D.S. and S.S.
salaries), Lawson Health Research Institute Internal
Research Fund (D.S. and S.S. salaries), the Heart and
Stroke Foundation of Ontario (grants T6325 and NA
000378 to K. T.), and the Canadian Institutes for Health
Research (grant MOP 102504 to C.G.E.) for providing
research funding.

This work was supported by the Heart and Stroke
Foundation of Ontario (grant T6325 to K.'T.), the Cana-
dian Institutes for Health Research (grant MOP 102504
to C.G.E.), Ontario Graduate Scholarship in Science and
Technology (S.S. and D.S. salaries) and Lawson Health
Research Institute Internal Research Fund (S.S. and D.S.
salaries).

Conflicts of interest
There are no conflicts of interest.

References

1 Kung HC, Hoyert DL, Xu J, Murphy SL. Deaths: final data for 2005. Nat/
Vital Stat Rep 2008; 56:1-120.

2 Martin CM, Priestap F, Fisher H, Fowler RA, Heyland DK, Keenan SP, et al.
A prospective, observational registry of patients with severe sepsis: the
Canadian Sepsis Treatment and Response Registry. Crit Care Med 2009;
37:81-88.

3 Bone RC, Balk RA, Cerra FB, Dellinger RP, Fein AM, Knaus WA, et al.
Definitions for sepsis and organ failure and guidelines for the use of
innovative therapies in sepsis. The ACCP/SCCM Consensus Conference
Committee. American College of Chest Physicians/Society of Critical Care
Medicine. Chest 1992; 101:1644—-1655.

4 Vincent JL. Clinical sepsis and septic shock—definition, diagnosis and
management principles. Langenbecks Arch Surg 2008; 393:817-824.

5 Secor D, Li F, Ellis CG, Sharpe MD, Gross PL, Wilson JX, et al. Impaired
microvascular perfusion in sepsis requires activated coagulation and P-
selectin-mediated platelet adhesion in capillaries. Intensive Care Med
2010; 36:1928-1934.

6 Mavrommatis AC, Theodoridis T, Orfanidou A, Roussos C, Christopoulou-
Kokkinou V, Zakynthinos S. Coagulation system and platelets are fully
activated in uncomplicated sepsis. Crit Care Med 2000; 28:451-457.

7 Ellis CG, Bateman RM, Sharpe MD, Sibbald WJ, Gill R. Effect of a
maldistribution of microvascular blood flow on capillary O(2) extraction in
sepsis. Am J Physiol Heart Circ Physiol 2002; 282:H156—-164.

8 Goldman D, Bateman RM, Ellis CG. Effect of sepsis on skeletal muscle
oxygen consumption and tissue oxygenation: interpreting capillary oxygen
transport data using a mathematical model. Am J Physiol Heart Circ
Physiol 2004; 287:H2535-H2544.

9 Levi M, Ten Cate H. Disseminated intravascular coagulation. N Engl J Med
1999; 341:586-592.

10 Blann AD, Nadar SK, Lip GY. The adhesion molecule P-selectin and
cardiovascular disease. Eur Heart J 2003; 24:2166-2179.

Copyright © 2017 Wolters Kluwer Health, Inc. All rights reserved.



20

21

22

23

24

Lowenstein CJ, Morrell CN, Yamakuchi M. Regulation of Weibel-Palade
body exocytosis. Trends Cardiovasc Med 2005; 15:302-308.

Llesuy S, Evelson P, Gonzalez-Flecha B, Peralta J, Carreras MC, Poderoso
JJ, et al. Oxidative stress in muscle and liver of rats with septic syndrome.
Free Radic Biol Med 1994; 16:445-451.

Tyml K. Critical role for oxidative stress, platelets, and coagulation in capillary
blood flow impairment in sepsis. Microcirculation 2011; 18:152-162.
Krotz F, Sohn HY, Pohl U. Reactive oxygen species: players in the platelet
game. Arterioscler Thromb Vasc Biol 2004; 24:1988-1996.

Azevedo LC, Janiszewski M, Soriano FG, Laurindo FR. Redox mechanisms
of vascular cell dysfunction in sepsis. Endocr Metab Immune Disord Drug
Targets 2006; 6:159—-164.

Long CL, Maull KI, Krishnan RS, Laws HL, Geiger JW, Borghesi L, et al.
Ascorbic acid dynamics in the seriously ill and injured. J Surg Res 2003;
109:144-148.

Nathens AB, Neff MJ, Jurkovich GJ, Klotz P, Farver K, Ruzinski JT, et al.
Randomized, prospective trial of antioxidant supplementation in critically ill
surgical patients. Ann Surg 2002; 236:814-822.

Armour J, Tyml K| Lidington D, Wilson JX. Ascorbate prevents
microvascular dysfunction in the skeletal muscle of the septic rat. J App/
Physiol 19852001; 90:795-803.

Tyml K, Li F, Wilson JX. Septic impairment of capillary blood flow requires
nicotinamide adenine dinucleotide phosphate oxidase but not nitric oxide
synthase and is rapidly reversed by ascorbate through an endothelial nitric
oxide synthase-dependent mechanism. Crit Care Med 2008; 36:2355-2362.
Bolon ML, Peng T, Kidder GM, Tyml K. Lipopolysaccharide plus hypoxia
and reoxygenation synergistically reduce electrical coupling between
microvascular endothelial cells by dephosphorylating connexin40. J Cell
Physiol 2008; 217:350-359.

Wu F, Schuster DP, Tyml K, Wilson JX. Ascorbate inhibits NADPH oxidase
subunit p47phox expression in microvascular endothelial cells. Free Radlic
Biol Med 2007; 42:124-131.

Wilson JX, Dixon SJ, Yu J, Nees S, Tyml K. Ascorbate uptake by
microvascular endothelial cells of rat skeletal muscle. Microcirculation
1996; 3:211-221.

Singer G, Urakami H, Specian RD, Stokes KY, Granger DN. Platelet
recruitment in the murine hepatic microvasculature during experimental
sepsis: role of neutrophils. Microcirculation 2006; 13:89-97.
Krishnamurti C, Peat RA, Cutting MA, Rothwell SW. Platelet adhesion to
dengue-2 virus-infected endothelial cells. Am J Trop Med Hyg 2002;
66:435-441.

25

26

27

28

29

30

31

32

33

34

35

Effect of ascorbate on P-selectin in sepsis Secor et al. 33

Coisne C, Faveeuw C, Delplace Y, Dehouck L, Miller F, Cecchelli R, et al.
Differential expression of selectins by mouse brain capillary endothelial
cells in vitro in response to distinct inflammatory stimuli. Neurosci Lett
2006; 392:216-220.

Eppihimer MJ, Wolitzky B, Anderson DC, Labow MA, Granger DN.
Heterogeneity of expression of E- and P-selectins in vivo. Circ Res 1996;
79:560-569.

Gerritsen ME, Shen CP, McHugh MC, Atkinson WJ, Kiely JM, Milstone DS,
et al. Activation-dependent isolation and culture of murine

pulmonary microvascular endothelium. Microcirculation 1995;
2:151-163.

Gotsch U, Jager U, Dominis M, Vestweber D. Expression of P-selectin on
endothelial cells is upregulated by LPS and TNF-alpha in vivo. Cell Adhes
Commun 1994; 2:7-14.

Fan PS, Gu ZL, Liang ZQ. Effect of quercetin on adhesion of platelets to
microvascular endothelial cells in vitro. Acta Pharmacol Sin 2001;
22:857-860.

Szuwart T, Brzoska T, Luger TA, Filler T, Peuker E, Dierichs R. Vitamin E
reduces platelet adhesion to human endothelial cells in vitro. Am J Hematol
2000; 65:1-4.

Garbin U, Fratta Pasini A, Stranieri C, Manfro S, Mozzini C, Boccioletti V,
et al. Effects of nebivolol on endothelial gene expression during oxidative
stress in human umbilical vein endothelial cells. Mediators Inflamm 2008;
2008:367590.

Takano M, Meneshian A, Sheikh E, Yamakawa Y, Wilkins KB, Hopkins EA,
et al. Rapid upregulation of endothelial P-selectin expression via reactive
oxygen species generation. Am J Physiol Heart Circ Physiol 2002;
283:H2054-H2061.

Kim CD, Kim YK, Lee SH, Hong KW. Rebamipide inhibits neutrophil
adhesion to hypoxia/reoxygenation-stimulated endothelial cells via nuclear
factor-kappaB-dependent pathway. J Pharmacol Exp Ther 2000;
294:864-869.

McCarron RM, Doron DA, Siren AL, Feuerstein G, Heldman E, Pollard HB,
et al. Agonist-stimulated release of von Willebrand factor and procoagulant
factor VIII in rats with and without risk factors for stroke. Brain Res 1994;
647:265-272.

Wang GF, Wu SY, Rao JJ, Lu L, Xu W, Pang JX, et al. Genipin

inhibits endothelial exocytosis via nitric oxide in cultured human

umbilical vein endothelial cells. Acta Pharmacol Sin 2009; 30:
589-596.

Copyright © 2017 Wolters Kluwer Health, Inc. All rights reserved.



	Ascorbate inhibits platelet-endothelial adhesion in an in-vitro model of sepsis via reduced endothelial surface P-—selectin expression
	Introduction
	Methods
	Reagents
	Endothelial cell harvest and culture
	Platelet collection and isolation
	In-vitro adhesion model to mimic the platelet-endothelial cell interaction
	P-selectin and PSGL1 mRNA expression in cultured endothelial cells
	Immunofluorescence for P-selectin surface expression
	Von Willebrand factor ELISA
	Statistical analysis

	Results
	P-selectin-blocking antibody and ascorbate inhibit LPS-induced platelet-endothelial cell adhesion
	Lipopolysaccharide increases P-selectin mRNA but not PSGL1 mRNA expression
	Ascorbate inhibits lipopolysaccharide-induced P-—selectin surface expression in endothelial cells
	Ascorbate inhibits vWF release in lipopolysaccharide-treated endothelial cells

	Discussion
	Acknowledgements
	Conflicts of interest


	References

