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permeability and inflammation in vitro in vascular
endothelial cells
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INTRODUCTION
BACKGROUND: After major traumatic injury, patients
often require multiple transfusions of fresh frozen
plasma (FFP) to correct coagulopathy and to reduce
bleeding. A spray-dried plasma (SDP) product has
several logistical benefits over FFP use in trauma
patients with coagulopathy. These benefits include ease
of transport, stability at room temperature, and rapid
reconstitution for infusion. Our past work suggests that
FFP promotes endothelial stability by inhibiting endothelial permeability.
STUDY DESIGN AND METHODS: The main goal of
this project is to determine if solvent-detergent-treated
SDP is equivalent to FFP in inhibiting vascular endothelial cell (EC) permeability and inflammation in vitro.
Furthermore, this study aimed to determine if solventdetergent treatment and spray drying of plasma alters
the protective effects of FFP on EC function. The five
groups tested in our studies are the following: 1) fresh
frozen-thawed plasma (FFP); 2) solvent-detergenttreated FFP; 3) solvent-detergent-treated SDP; 4) lactated Ringer’s solution; and 5) Hextend.
RESULTS: This study demonstrates that in vitro SDP
and FFP equivalently inhibit vascular EC permeability,
EC adherens junction breakdown, and endothelial white
blood cell binding, an effect that is independent of
changes in Vascular Cell Adhesion Molecule 1, Intracellular Adhesion Molecule 1, or E-selectin expression on
ECs. Solvent-detergent treatment of FFP does not alter
the protective effects of FFP on endothelial cell function
in vitro.
CONCLUSION: These data suggest the equivalence of
FFP and SDP on modulation of endothelial function and
inflammation in vitro.
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Approximately 90,000 people die each year from traumatic injury in the United States alone.1 Hemorrhage
accounts for about 40% of all trauma deaths, and
improved methods to stop bleeding, optimally resuscitate,
and correct coagulopathy combined with rapid surgical
intervention may increase patient survival.2 Fresh frozen
plasma (FFP) is routinely administered to bleeding
patients to treat coagulopathy, achieve hemostasis, and
reduce death from hemorrhage. Current research suggests
that early administration of FFP and red blood cells after
injury is associated with dramatic increases in patient survival and reduced death from hemorrhage due to penetrating and blunt traumas in both military combat
hospitals and civilian settings.2-7 While the use of FFP is
increasing with potential demonstrated benefits on
outcome, very little is known about the mechanism of
action of FFP. Preliminary studies suggest that the mecha-
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nism of action of FFP may not only be solely related to
hemostasis but also due in part to its ability to globally
promote systemic vascular stability, as defined by
decreased endothelial cell (EC) permeability and
improved hemodynamic stabilization after hemorrhagic
shock (HS), all of which are effects that have been demonstrated with FFP.8
Despite its potential benefits, the use of FFP in traumatic injury comes with the significant burden of shipping and storage of frozen blood products around the
world. In addition, the delay required for thawing plasma
at non-high-volume trauma centers may increase mortality secondary to hemorrhage.9 Conversely, spray-dried
plasma (SDP) can be stored at room temperature, transported easily, and reconstituted rapidly. Because SDP can
be administered rapidly after injury, much earlier than
FFP that typically requires thawing, the logistical benefits
of SDP could potentially lead to cost benefits and
improved outcomes in traumatically injured patients at
risk of death secondary to hemorrhage and logistical
barrier for acute care.10,11 Lyophilized plasma has also
been shown to have similar beneficial effects in reducing
inflammation and mortality after HS.12,13 Taken together,
these studies suggest that a dried plasma product may be
an acceptable substitute for FFP. Further support for the
use of SDP arises from work done by our group, indicating
that there is a “storage lesion” associated with FFP. We
have shown that the beneficial effects of FFP on endothelial permeability decreases after 5 days of storage at 4°C, a
practice currently allowed by the AABB.8 These data
suggest that it could be advantageous to use a SDP
product that has a longer shelf life and no need for storage
at -18°C or lower. Furthermore, SDP can be more rapidly
available than FFP, which is potentially less efficacious if
prethawed before use.
In this paper, we sought to determine if spray drying
or solvent-detergent treatment of plasm affects endothelial permeability and inflammation differently compared
with standard FFP. To date, there is little known about the
alternate effects of FFP—aside from hemostasis—and
whether SDP is equivalent to FFP in its effects on endothelial function, inflammation, edema, and coagulation in
a bleeding patient. Because our past studies have shown
that FFP can inhibit vascular endothelial permeability, we
chose to extensively compare the effects of FFP to SDP on
endothelial integrity and inflammation in vitro. Ultimately, this project aims to further elucidate the systemic
effects of FFP and SDP on the integrity of the vascular
endothelium as a whole.

percentage of total circulating volume of FFP that may be
present in transfused trauma patients who may receive
quantities of FFP that go as high as 30%-50% of total circulating volume. We could not use 50% in our in vitro
assays because this induced apoptosis in the ECs due to
the high protein concentrations. The five groups studied
were the following: 1) fresh frozen-thawed plasma (FFP);
2) Entegrion FFP that is solvent-detergent treated (SDFFP) (this is the starting material of SDP); 3) Entegrion
solvent-detergent treated SDP (SDP); 4) lactated Ringer’s
solution (LR); and 5) Hextend. LR and Hextend were
included as controls; both are standard resuscitation
fluids in massively transfused patients. All groups contained heparin at 0.2 units/mL to inhibit fibrin gel formation on the surface of the transwell. The control group
consisted of untreated cells growing in 100% media alone.
Donor units of FFP were obtained from Gulf Coast
Regional Blood Center Houston (Houston, TX). FFP is
plasma that is frozen at -20°C and then thawed at 37°C on
Day 0 or the first day of thaw. Entegrion supplied the SDP
(Resusix Spray-Dried Product from Solvent-DetergentTreated Plasma) and SD-FFP (Research Triangle Park, NC).
Hextend (Hospira, Inc., Lake Forest, IL) and L-Isomer
(Baxter, Deerfield, IL) were obtained from Hospira and
Baxter, respectively. SD-FFP is the FFP product produced
by Entegrion before it goes through the spray-drying
process to generate SDP. All fluids were diluted into EC
media EGM-2MV at the respective concentrations. n = 4
samples were run for each group and each experiment
was repeated three individual times. All data are represented as mean ⫾ standard error of the mean (SEM). SDP
is pooled liquid plasma that has been dehydrated by
means of spray drying. SD-FFP, or the FFP product from
Entegrion used as a treatment group in the following
experiments, is subjected to solvent-detergent treatment,
but it is not put through the spray-drying process. SDP is
reconstituted in 5 mM citric acid plus 5 mM monobasic
sodium phosphate, pH 3.5.

Primary cells and cell lines
Two types of ECs (human umbilical vein ECs [HUVECs]
and pulmonary ECs [PECs]) were purchased from Lonza
(Walkersville, MD). HUVECs and PECs were both maintained in EGM-2MV media (Lonza). All assays were
repeated in both cell types. U937 cells were obtained from
the American Type Culture Collection (Bethesda, MD) and
passaged in RPMI with 10% fetal bovine serum. All experiments were conducted in U937 among Passages 3-8. All
cell lines were maintained at 37°C and 5% CO2 in a
humidified incubator.

MATERIALS AND METHODS
Five treatment groups and their effects on endothelial
function were studied at varying concentrations (10 and
30%) in vitro. These percentages attempt to mimic the

EC permeability
Collagen-coated 0.4-mm pore size inserts were obtained
from BD Biosciences (San Jose, CA). ECs were seeded at
Volume 53, January 2013 Supplement TRANSFUSION
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40,000 cells per insert well in a total volume of 500 mL of
EGM-2MV media (Lonza) and cultured for 1-2 days to
allow for cell attachment and adhesion. When confluency
was reached, monolayers of ECs in the transwells were
pretreated with the five treatment groups (FFP, SD-FFP,
SDP, LR, and Hextend) for 1 hour. Permeability was then
induced in monolayers with 50 ng/mL vascular endothelial growth factor (VEGF)-A165 from R&D Systems (Minneapolis, MN), administered simultaneously with the
addition of fluorescein isothiocyanate (FITC)-Dextran
(Dx)-70 kDa. EC monolayer permeability was tested by
adding 50 mL of 1 mg/mL 70 kDa FITC-Dx (Sigma-Aldrich,
St Louis, MO) to the upper chamber of each well (final
concentration). To determine the protective effects of
each fluid group upon the addition of smaller Dx sizes,
3 kDa FITC-Dx and 10 kDa FITC-Dx were obtained from
Sigma-Aldrich. Three and 10 kDa Dxs were prepared to the
same concentration as the 70 kDa FITC-Dx used in previous permeability assays, in which 1 mg/mL FITC-Dx was
added per well. Seventy-five microliter samples were
removed at timed intervals from the bottom well to determine the amount of fluorescent signal that had passed
through the monolayer, which directly correlates to the
degree of paracellular permeability in each sample. Measurements were determined with a fluorimeter (Biotek
Synergy Biotek, Winooski, VT) with the use of excitation
and emission wavelengths of 485 and 530 nm, respectively, from samples obtained 45 minutes after addition of
FITC-Dx.
To calculate the baseline flux of FITC-Dx 70 for each
group as it flowed from the transwell to the bottom well,
we utilized Fick’s First Law of Diffusion (P = J/ADC), where
P is the permeability coefficient expressed as centimeter
per minute, J is the solute flux (or movement of FITC-Dx
70/min), and A is the area of the transwell at 0.3 cm2. DC is
the difference in concentration of FITC-Dx 70 between the
transwell and the bottom well after FITC is added to the
transwell. DC was assigned a value of 1 mg/mL, assuming
that the concentration of FITC-Dx 70 in the bottom well is
zero upon addition of FITC. Accumulated FITC-Dx 70 was
regressed against time with the use of the quadratic
regression method. Flux was calculated as the average
slope from 5 to 120 minutes for each regression model.
Group differences were determined by one-way analysis
of variance (ANOVA), followed by Tukey’s test. Significance was accepted at p < 0.05.

White blood cell (WBC) binding assays
ECs were grown to confluence on 96-well plates. Assays
were conducted as described previously.14 104 cells per
well were seeded and incubated at 37°C for 2 days or until
confluent. PECs and HUVECs were tested in this assay
with similar results. Data presented are from HUVECs.
Cells were pretreated with the treatment groups (FFP,
82S
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SD-FFP, SDP, LR, and Hextend) for 1 hour. Adhesion molecule expression was stimulated by the addition of tumor
necrosis factor-alpha (TNF-a) (50 ng/mL) for 4 hours following pretreatment of the cells. U937 cells were fluorescently labeled with Calcein-AM (Invitrogen, Carlsbad,
CA). A total of 104 U937 cells were added to wells and
allowed to adhere for 1 hour. Nonadherent cells were
gently washed away (three washes) in phosphate buffered
saline and labeled cells that remained bound to the ECs
were quantified by fluorescent readings on the Biotek
Analyzer (Biotek) at 490-nm wavelength excitation and
520-nm emission.

Flow cytometry
ECs were characterized for surface adhesion markers and
integrins by flow cytometry (BD FACSCalibur, BD Biosciences) as described previously.14 Expression of adhesion molecules was quantified by mean fluorescence
intensity with the use of the Flo-Jo Program software (Tree
Star, Inc., Ashland, OR).

In vitro vascular endothelial (VE)-cadherin or
b-catenin staining
ECs at Passage 3 were seeded into eight-well glass chambered slides and grown for 48 hours at 37°C. Cells were
stained as described previously.15 The cells were pretreated with 10% dilutions of the groups tested (FFP,
SD-FFP, SDP, LR, and Hextend) diluted into EGM-2MV
basal media for 1 hour and then stimulated with VEGF-A
(50 ng/mL) for 30 minutes (R&D Systems #293-VE-010).
The cells were then stained for VE-cadherin and b-catenin
as reported previously. This is a qualitative assay that demonstrates mobilization of VE-cadherin and b-catenin to
the cell surface. Only one concentration (10%) is depicted
to qualitatively show this difference because the effect is
maximum at 10% with no apparent differences between
10 and 30%.

Data analysis
Data represent the mean ⫾ SEM from each experiment.
Comparisons are between treatment groups and controls
and also focus was placed on differences between FFP
versus SDP and also SD-FFP versus FFP. One-way ANOVA
analysis was performed for both permeability and adhesion studies with the use of the STATA 11 program (StataCorp, College Station, TX). The Bonferroni post hoc
calculation was used for multiple comparisons. In flux calculations, accumulated Dx concentrations were regressed
against time with the use of the quadratic regression
method. Flux was calculated as the average slope from 5 to
120 minutes for each regression model. Group differences
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were determined by one-way ANOVA,
followed by Tukey’s test. Significance
was accepted at p < 0.05.
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the effects of solvent-detergent-treated
FFP (SD-FFP) and solvent-detergenttreated SDP to FFP on EC paracellular
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upon comparisons between control and
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fluids in massively transfused patients.
We sought to determine if spray drying,
as a stabilization process, diminishes
the beneficial effects of the plasma on
EC function in our in vitro models.
There are known benefits of solventdetergent-treated plasma, including
pathogen reduction, which this paper
does not aim to assess. Since EC permeability is a hallmark characteristic of
injured vasculature, our goal was to
understand how Hextend, LR, FFP,
SD-FFP, and SDP modulate EC permeability induced by VEGF-A (165aa). ECs
were treated with the five treatment
groups before induction of permeability. Our data showed that LR was not
protective in this model at 30% but was
protective at 10%, as noted by the
decrease in transwell permeability at
10% (Fig. 1A and B). Interestingly,
however, the data indicate that at 10 and
30% concentrations, SDP, FFP, and
SD-FFP are equally protective (inhibit
permeability equally) in ECs compared
with the control (p < 0.05 by ANOVA)
(Fig. 1B). There are no significant
differences between these groups. Interestingly, Hextend also significantly
inhibits EC permeability at 10 and 30%
concentrations. This finding was reproduced in multiple (n = 3) permeability
experiments for Hextend. These results
suggest that there is a potent effect of
the plasma products on endothelial permeability and that an optimal dose of
10% could potentially be determined
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Fig. 1. SDP performs comparably to FFP in inhibiting endothelial cell permeability
in vitro. (A) Percentage decrease in transwell endothelial cell permeability for cells
treated with 10% LR, Hextend, FFP, SD-FFP, or SDP diluted in basal endothelial
medium. p < 0.05 (*) for control versus all groups. LR has some activity at 10% concentrations. (B) Summary of fluid efficacy for each treatment group at 5, 10, and 30%
concentrations, shown as percentage decrease in transwell endothelial cell permeability. In all experiments, control represents cells treated with basal medium alone.
Percentage decreases are expressed as the means of four samples and are normalized to the control. All experiments were repeated three times. Error bars represent
the standard error of the mean for each group. No significance is found (p < 0.05)
between 10 and 30% concentrations for Hextend, FFP, FFP-E, and SDP. FFP = fresh
frozen plasma right after thaw; FFP-E = FFP-Entegrion; LR = lactated Ringer’s;
N.S. = not significant; SD = solvent-detergent; SDP = spray-dried plasma.
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for mitigating endothelial leak and
compromise.
We also explored whether SDP is
equivalent to FFP in maintaining endothelial integrity over time. We chose to
focus upon the 10% concentration since
the effect at this concentration of EC
permeability was maximum. By calculating the baseline flux, we determined
what the leak rate (permeability coefficient) of FITC-Dx 70 was for the different fluid groups. Figure 2 shows
permeability coefficients calculated
from the flux rates (see Materials and
Methods). Our findings indicate that
both SD-FFP and SDP are comparable
to FFP in protecting the vascular endothelium over time. Thus, the process of
solvent-detergent treatment and spray
drying did not alter the effects of FFP on
time-dependent changes in EC permeability. To determine if there was variability among donors in the FFP, we
compared FFP from three different
donors obtained from the Gulf Coast
Regional Blood Center (Houston, TX). At
10%, all plasma groups (SDP and
SD-FFP) and FFP donors (Donors 1, 2,
and 3) inhibited permeability and were
not significantly different from each
other (Fig. 3C).
In order to gauge the size-related
protective effect of the FFP, we treated
ECs at 10% concentration with a 3 kDa

each group at 10% concentration. In all experiments, control represents cells treated
with basal medium alone. Accumulated concentrations of FITC-Dextran 70 kD were
regressed against time, the use of the quadratic regression method (see Materials
and Methods). Flux was calculated as the average slope from 5 to 120 minutes for
each regression model. Permeability coefficients are calculated from Fick’s First Law
of Diffusion (P = J/ADC), where J is the flux, A is the area of the transwell, and DC is
the difference in FITC-Dx 70 concentration between the transwell and the bottom of
the well. All permeability coefficients are expressed as centimeter per minute. Error
bars represent the standard error of the mean. p < 0.05 (*) for control versus all
groups except LR. FFP = fresh frozen plasma; FITC = fluorescein isothiocyanate;
LR = lactated Ringer’s; SD = solvent-detergent; SDP = spray-dried plasma.
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Fig. 2. SDP performs comparably to FFP in inhibiting EC permeability over time
based on EC flux calculations of 70-kD Dextran. (A) Permeability coefficients for
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Fig. 3. SDP and FFP reduce endothelial cell permeability at a range of FITC-Dextran sizes in vitro. Percentage decrease in transwell
endothelial permeability for cells pretreated with 10% LR, Hextend, FFP, SD-FFP, or SDP diluted in basal medium. Permeability to
(A) 3 kDa or (B) 10 kDa FITC-Dextran. (C) Percentage decrease in transwell endothelial permeability for cells pretreated with three
different FFP samples collected from three different donors. Percentage decreases are expressed as the means of four samples and
are normalized to the control. Error bars represent the standard error of the mean for each group. Significance (*) is p < 0.05.
FFP = fresh frozen plasma right after thaw; FITC = fluorescein isothiocyanate; LR = lactated Ringer’s; N.S. = not significant;
SD = solvent-detergent; SDP = spray-dried plasma.
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and a 10 kDa FITC-Dx, respectively. It is interesting to note
that the wells are more permeable to the smaller 3 kDa
FITC size than the 10 kDa FITC-Dx, as inhibition of
permeability to the 3 kDa FITC-Dx was observed at 39% as
opposed to 68% after treatment with SDP (see Fig. 3A and
B).

Effects of plasma products on inflammatory
WBC-EC adhesion
The purpose of this next set of studies was to determine
and compare the in vitro effects of SD-FFP and solventdetergent-treated SDP to FFP on inflammatory WBC-PEC
adhesion. Inflammatory changes caused by cytokine and
chemokine release, WBC adhesion, diapedesis, and infiltration into the lungs have all been shown to contribute to
vascular compromise and poor outcome.16 We sought to
determine if plasma modulates WBC binding to ECs
stimulated with the inflammatory cytokine TNF-a and
furthermore sought to compare the effects of SDP and
SD-FFP to FFP. In these studies, ECs were treated with the
five treatment groups at 5, 10, and 30% concentrations. To
stimulate inflammatory cell (U937) binding, ECs were
subsequently treated with TNF-a (50 ng/mL), which
increases binding of U937, a monocytoid cell line that we
have previously used to study WBC-endothelial interactions. Binding studies revealed that pretreatment of the
ECs with 10 and 30% concentrations of SDP, SD-FFP, and
FFP all inhibit U937 binding to the ECs (Fig. 4A and B) as
depicted by a fold decrease in WBC binding. Control LR
did not affect WBC binding at any concentration tested.
Interestingly, Hextend did indeed inhibit binding, but only
partially compared with SDP or FFP at the 30% concentration. Taken together, these results suggest that the
process of solvent-detergent treatment and spray drying
does not alter the effects of FFP on endothelial-WBC
binding and inflammation.

Effects of plasma products on PEC adhesion
molecule expression
To determine whether the effects observed in the inflammatory WBC adhesion assay were due more specifically to
changes in integrins and/or adhesion markers on the
PECs, we investigated the effects of the treatment groups
on surface adhesion molecule expression of CD106, CD54,
and CD62E. These markers correspond to Vascular Cell
Adhesion Molecule 1 (VCAM-1), Intracellular Adhesion
Molecule 1 (ICAM-1), and E-selectin, respectively. No significant difference was observed between the groups for
each adhesion marker (see Fig. 4C). Altogether, these data
suggest that VCAM-1, ICAM-1, and E-selectin are not
responsible for the effects of FFP observed by endothelial
WBC binding.

Mechanistic effects of plasma products on
adherens junctions (AJs)
To mechanistically understand the effects of the plasma
products on pulmonary endothelial permeability, we also
studied the effects of FFP on AJs in ECs. AJs and tight
junctions regulate vascular integrity and paracellular permeability in vascular endothelium.17 VE-cadherin-VEcadherin homophilic interactions on ECs are crucial for
maintaining normal vascular integrity and inhibiting permeability.17 In our studies with treated ECs (see Fig. 5A
and B), we find that the FFP, SDP, and SD-FFP all reconstitute AJs (VE-cadherin and b-catenin at the cell membrane). This was not the case for LR-treated cells.

DISCUSSION
In light of the compelling logistical benefits of a dried
plasma product for clinical use, we sought to determine if
solvent-detergent-treated SDP would be as effective as
FFP in mitigating endothelial dysfunction and inflammation. In our in vitro studies, we included SD-FFP, the starting material for SDP. This study measured the effects of
FFP, SD-FFP, and SDP in vitro by utilizing endothelial permeability assays, WBC adhesion assays, EC adhesion molecule expression, and qualitative assays of EC AJ integrity.
Controls included LR and Hextend, both standard resuscitation fluids in massively transfused patients. Our data
show that FFP, SD-FFP, and SDP equivalently inhibit vascular endothelial permeability, AJ breakdown, and endothelial WBC binding in vitro, an effect that is independent
of changes in VCAM-1, ICAM-1, or E-selectin on ECs. Our
data further suggest based on the flux measurements of
EC permeability that the protective effects of plasma do
remain over a 2-hour period of time.
The noted lack of differences between SD-FFP and FFP
and between SD-FFP and SDP indicates that solventdetergent treatment and spray drying do not affect the
ability of FFP to modulate endothelial function. These
data further suggest that plasma has stabilizing, antiinflammatory effects on the endothelium and SDP can
recapitulate these effects of FFP. Some of the in vitro
assays have limitations such as the cadherin-catenin
mobilization assay, which is only qualitative due to our
inability to measure movement of cadherin and catenins
from the internal cytoplasm to the periphery. Total quantitative fluorescence does not change. All the reported
studies were conducted in vitro and it is unclear how our
findings can be extrapolated to better understand the in
vivo clinical scenario in trauma patients.
It is of interest to note that we found Hextend to be
equally protective on endothelial permeability and partially inhibitory on EC-WBC binding. The effects on EC
permeability and EC-WBC adhesion are decoupled for
Hextend, indicating that different mechanisms of action
may also be involved in the effects of FFP on ECs in these
Volume 53, January 2013 Supplement TRANSFUSION
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Fig. 4. FFP and SDP decrease WBC adhesion in vitro. Percentage decrease in the number of WBCs bound to endothelial cells at 30%
binding (A) and 10% binding (B). Summary of fluid efficacy for each treatment group at 5, 10, and 30% concentrations, shown as
percentage decrease in endothelial WBC binding. In all experiments, control represents cells treated with basal medium alone. All
endothelial cells are induced with TNF-a before the addition of WBCs. Percentage decreases are expressed as the means of six
samples and are normalized to the control. Significance (*) is p < 0.05. (C) Staining and analysis by flow cytometry of treated PECs
with VCAM-1 (CD106), E-selectin (CD62E), and ICAM-1 (CD54). No apparent differences are found with any of the treatment groups
with the use of cytometry. In all experiments, control represents cells treated with basal medium alone. FFP = fresh frozen plasma
right after thaw; SD-FFP = solvent-detergent-treated FFP; ICAM-1 = Intracellular Adhesion Molecule 1; LR = lactated Ringer’s;
N.S. = not significant; PECs = pulmonary endothelial cells; SDP = solvent-detergent-treated spray-dried plasma; TNF-a = tumor
necrosis factor-alpha; VCAM-1 = Vascular Cell Adhesion Molecule 1; WBC = white blood cell.
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Fig. 5. Qualitative results showing that SDP and FFP reconstitute endothelial adherens junctions, including b-catenin and
VE-cadherin ECs treated with FFP stained for DAPI (blue), b-catenin (red), and VE-cadherin (green), followed by the merge image.
(B) ECs treated with 10% LR, 10% Hextend, 10% FFP, 10% SD-FFP, and 10% SDP. In all experiments, control represents cells
treated with basal medium alone. DAPI = diamidino-2-phenylindole; EC = endothelial cell; LR = lactated Ringer’s; FFP = fresh
frozen plasma; FFP-0 = FFP right after thaw; SD = solvent-detergent; SDP = spray-dried plasma; VE = vascular endothelial.

two endpoints. The mechanism of these effects warrants
further investigation. Interestingly, Hextend has been
shown by other groups to have alternate effects on inflammation, which may partially explain our findings.18-23 Data
in the literature support the concept that Hextend is bioactive in vitro and in vivo aside from its capacity to provide
volume expansion in vivo. The data seem to be mixed in
terms of whether the effects would prove beneficial or
detrimental in patients. Further analysis in specific preclinical models and patient populations is in progress and
warranted.
Our data also revealed that LR had some effect on EC
permeability at 10% and is not detrimental in these models
of EC function, as noted by the lack of a decrease in transwell permeability at 10%. This finding is in contrast to data
showing that LR may be detrimental, contributing to
edema, inflammation, and poor outcome in massively
transfused patients.24,25 These findings may be due to our
use of L-LR and not the racemic mixture of DL-LR which is
a mix of D and L stereo-isomers of lactate, which has been
shown by Koustova and colleagues to alter WBC gene

expression and overall have inflammatory properties.25 It is
also possible that we cannot recapitulate the complexity of
the effects of LR infused in large volumes in vivo on the
vascular space, interstitium, and lymphatics and therefore
cannot fully appreciate the effects of LR on EC function.
In our studies, we were surprised to find that all
plasmas (FFP, SD-FFP, and SDP) inhibited WBC adhesion
to the surface of vascular ECs without effects upon TNFa-induced expression of EC adhesion molecules VCAM-1,
E-selectin, or ICAM-1. These findings suggest that other
mechanisms regulating adhesion (i.e., integrins or matrix
proteins) may be mechanistically involved in the effects of
plasma on the endothelium. Our data in vitro lead us to
hypothesize that plasma transfusion could potentially
inhibit edema, WBC diapedesis, and inflammation in vivo,
which would warrant further investigation in animal
models of HS and trauma.26
Figure 6 represents our working biologic model with
the multiple effects of plasma depicted on the vascular
endothelium including inhibition of EC permeability,
WBC adhesion, and interstitial edema. In theory, plasma
Volume 53, January 2013 Supplement TRANSFUSION
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A

B
Plasma

Endothelial Cells

Decrease
Inflammatory
WBC
Adhesion

Protect
Endothelial
Barriers and
Inhibit
Permeability

Reinforce
Adherens
Junctions and
Tight Junctions
between ECs

EC Stability

Increase in Patient Survival Following
Traumatic Injury

Fig. 6. Plasma resuscitation repairs some endothelial dysfunction induced by traumatic injury. (A and B) These figures depict our
working biologic model of the mechanism of action of both liquid and dried plasma products on the endothelium. Traumatic
injury causes dysfunction of vascular homeostasis by stimulating hypoxia, EC junctional breakdown, an increase in vascular permeability, increased edema, and an increase in endothelial WBC binding. Plasma resuscitation mitigates these effects by decreasing
inflammatory WBC adhesion, stabilizing adherens junctions between endothelial cells, and inhibiting EC permeability, thereby
leading to vascular normalization and less edema. Effects on patient outcome are unknown. EC = endothelial cell; WBC = white
blood cell.

resuscitation “normalizes” the injured endothelium after
injury and decreases inflammation and edema. The need
for a dry plasma product for clinical use is clear, with the
main goal being rapid implementation of plasma in bleeding patients, an intervention that retrospective data
88S
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suggest alters outcome.27 Our studies showing that FFP
and SDP equivalently modulate endothelial permeability
and inflammation at the molecular and cellular levels
suggest that further investigations in in vivo models are
worthy and necessary to support the premise that SDP

EFFECT OF FFP AND SPRAY-DRIED PLASMA ON ENDOTHELIAL FUNCTION

may be an acceptable substitute for FFP in modulating
endothelial dysfunction after traumatic injury.

9. de Biasi AR, Stansbury LG, Dutton RP, Stein DM, Scalea
TM, Hess JR. Blood product use in trauma resuscitation:
plasma deficit versus plasma ratio as predictors of mortal-
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