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Abstract

We studied the effects of fibrinogen degradation product
(FDP) fragment D on endothelial monolayer integrity and the
mechanisms of fragment D-induced endothelial cell detach-
ment from the substratum. Incubation of bovine pulmonary ar-
tery endothelial cells (BPAEC) with fragment D caused con-
centration- and time-dependent cell detachment from the sub-
stratum. The optimal response occurred at fragment D
concentrations of 2 $Mand required an incubation time of 24 h.
BPAECchallenged with fragment D increased the concentra-
tion and activity of urokinase-type plasminogen activator
(uPA) in the conditioned medium within 2 to 4 h of incubation.
Fragment D also induced the release of tissue-type plasmino-
gen activator, but to a lesser extent than uPA. Fragment D
concurrently increased plasminogen activator (PA) activity in a
concentration-dependent manner. Increased PA activity was
followed by augmentation of cell-associated plasmin activity
and subsequent increase in the degradation of "25I-fibrinogen
and 12"I-vitronectin precoated in the subendothelial matrix.
Pretreatment of BPAECwith anti-uPA antibody, and inhibi-
tors of uPA (dansyl-GGACK) and plasmin (aprotinin) pre-
vented - 60% of the fragment D-induced endothelial cell de-
tachment. Weconclude that FDPfragment D increases secre-
tion of endothelial PAs and enhances the generation of plasmin,
thereby contributing to proteolysis of extracellular matrix and
endothelial cell detachment. Fragment Dmay be a critical medi-
ator linking activation of fibrinolysis to vascular endothelial
injury in inflammatory disorders. (J. Clin. Invest. 1992.
90:2508-2516.) Key words: endothelium * fibrinogen degrada-
tion products * fragment D * fibrinolysis * plasminogen activa-
tors * cell detachment * plasmin - proteolysis

Introduction

Fibrin (ogen) degradation products (FDPs)' generated during
fibrinolysis have been implicated in tissue inflammation asso-
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1. Abbreviations used in this paper: Ab, antibody; ARDS, adult respira-
tory distress syndrome; BPAEC, bovine pulmonary artery endothelial
cells; dansyl GGACK, dansyl Glu-Gly-Arg chloromethyl ketone;
DMEM,Dulbecco's modified essential medium; FDP, fibrinogen deg-
radation product; PA, plasminogen activator; PAI, plasminogen acti-
vator inhibitor; EPA, tissue-type plasminogen activator; uPA, uroki-
nase-type plasminogen activator.

ciated with the adult respiratory distress syndrome (ARDS),
disseminated intravascular coagulation, and septic shock (1-
4). Studies indicate that plasma concentrations of FDP frag-
ment D are markedly elevated in these disorders (1, 4). Sal-
deen (5) and Malik (3) have suggested that activation of fibri-
nolysis, and resulting generation of FDPs including fragment
D, contributes to lung vascular injury. Infusion of fragment D
into rabbits induced progressive thrombocytopenia, pulmo-
nary dysfunction, and increased pulmonary vascular perme-
ability, changes that were characteristic of ARDS(5, 6).

Studies also indicate that fragment D has important effects
on the endothelial cell barrier. Dang et al. (8) reported that
fragment D detached bovine aorta endothelial monolayers
from the substratum. Our previous studies indicated that frag-
ment D increased bovine pulmonary artery endothelial mono-
layer permeability to '25I-albumin (9). However, the basis of
fragment D-induced endothelial injury is not known. In recent
years, studies have demonstrated that plasminogen activators
(PAs), plasminogen activator inhibitors (PAIs), and plasmin
systems play a critical role in remodeling of the extracellular
matrix and regulating cell-cell and cell-substratum adhesion
(10-13). Endothelial cells can synthesize and secrete tissue-
type plasminogen activator (tPA) and urokinase-type plasmin-
ogen activator (uPA) ( 14-16). uPA is associated with cell-
substratum contact points ( 13, 16) and may be important in
mediating cell detachment. Because FDPs are known to inter-
act with PAs ( 17, 18) and fragment Dcauses endothelial cyto-
skeletal F-actin reorientation (9) and cell detachment (8), we
hypothesized that fragment D-induced release of PAs by endo-
thelial cells may be a critical event in mediating proteolysis of
subendothelial proteins and thus may result in endothelial cell
detachment. In the present study, we examined the effects of
FDP fragment D on endothelial-derived PAs and their poten-
tial role in injuring the endothelial cell barrier.

Methods

Reagents
Plasmin inhibitor Val-Phe-Lys-chloromethylketone, urokinase inhibi-
tor dansyl-Glu-Gly-Arg chloromethyl ketone (dansyl-GGACK), and
thiobenzyl benzyloxycarbonyl-L-lysinate (Cbz-Lys-S-Bzl) were pur-
chased from Calbiochem Corp. (La Jolla, CA). Chromogenic substrate
for plasmin Val-Leu-Lys-pNA (S-225 1) was purchased from Kabivi-
trum, Inc. (Stockholm, Sweden). Aprotinin was purchased from Mo-
bay Chemical Corp. (New York, NY). Human urokinase and goat
anti-porcine heart tPA polyclonal antibodies (Abs) were purchased
from American Diagnostica Inc. (Hartford, CT). A rabbit anti-bovine
uPA polyclonal Ab was a generous gift from Dr. D. Rifkin, NewYork
University, New York. A goat anti-human urokinase polyclonal Ab
was provided by Dr. N. Gilboa, Pittsburgh Children's Hospital, Pitts-
burgh, PA. The cross-reactivity of anti-porcine tPA and anti-human
uPA Abs with bovine pulmonary artery endothelial cell (BPAEC) plas-
minogen activators was tested by ELISA and immunoblot analysis us-

ing a microfiltration apparatus (Bio-Dot; Bio-Rad Laboratories, Rich-
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mond, CA). Rabbit anti-human fragment D polyclonal Abs 5/59B
and 1747 were generously supplied by Dr. B. Kudryk, NewYork Blood
Center, NewYork. Goat anti-human fragment Dand fragment E poly-
clonal Abs were purchased from ICN ImmunoBiologicals, ICN Bio-
medicals, Inc. (Lisle, IL). Purified human fibronectin was provided by
Dr. F. Blumenstock, The Albany Medical College, Albany, NY.

Fibrinogen purification
Human fibrinogen was purified from fresh plasma (obtained from Al-
bany Red Cross, Albany, NY) by a modified glycine precipitation pro-
cedure ( 19). Residual plasminogen and fibronectin were removed by
lysine-Sepharose and gelatin-Sepharose affinity columns (Pharmacia
Inc., Piscataway, NJ), respectively. Purified fibrinogen was > 96%clot-
table and showed intact a (65 kD), # (50 kD), and y (45 kD) chains
when analyzed on SDS-PAGE. Overloading of fibrinogen on reduced
SDS-PAGE did not reveal any detectable bands of 220 and 90 kD
corresponding to fibronectin and Glu-plasminogen, respectively.

Preparation offragment D and E
Purified fibrinogen was digested with human plasmin (fibrinogen/
plasmin = 300:1 molar ratio) with 5 mMCa2+ or 5 mMEGTAfor 5 h
at 370C. The time course of plasmin digestion was monitored by SDS-
PAGEanalysis. Plasmin digestion was terminated by adding excess
Val-Phe-Lys-chloromethylketone.

Fragment Dwas isolated by QAE-Sephadex anion-exchange chro-
matography with modifications (20). The plasmin digest of fibrinogen
was applied to a 2.5 x 23 cm QAE-Sephadex column (Pharmacia Inc.)
equilibrated in 0.1 Methylene diamine acetate (EDA) buffer, pH 8.0.
Fragment Dwas eluted from the column in two peaks. One portion of
the fragment D (peak 1) was eluted with the equilibration buffer and
the remainder (peak 2) was eluted by EDAbuffer, pH 6.5. Fragment E
(peak 3) was eluted with 0.2 Msodium acetate buffer, pH 4.4. The pH
of each pool was adjusted to 7.4 and dialyzed against 10 mMTris, 0.15
M NaCl, pH 7.4. Fragments D and E were further purified by gel
filtration on Sephadex G-200 and Sephacryl S-200 columns (Pharma-
cia Inc.), respectively. The purity of various preparations was deter-
mined by SDS-PAGEand scanning densitometry. Protein concentra-
tion of fragments Dand E were measured by absorbance at 280 nm in
0.1 N NaOHusing extinction coefficients of E " = 20.8 and 10. 1,
respectively (21). After extensive dialysis against PBS (pH 7.4), the
purified fragments were passed through a 0.22-,um hydrophilic nylon
sterile filter (Lida Manufacturing Corp., Kenosha, WI) and a Detoxi-
gel affinity Pak (Pierce Chemical Co., Rockford, IL) to remove possi-
ble endotoxin contamination. Preparations were stored at -70°C until
the experiments.

Fragment D prepared with either 5 mMCa2" or 5 mMEGTA
showed single bands on SDS-PAGEwith relative molecular masses
(Mr) of 94 (D94) and 80 kD (Dgo), respectively. Fragment E migrated
as a single band with a relative molecular mass of 50 kD. Both purified
fragments Dand E were further characterized by Western blotting and
immunodiffusion assays. The purified fragments Dand E reacted only
with their corresponding Abs without detectable cross-contamination.
Both preparations were free of contamination from plasminogen, plas-
min, or PAs using assay of PA activity, plasmin activity, and '25I-fibrin-
ogen degradation.

Plasminogen and plasmin preparations
Human native Glu-plasminogen and Lys-plasminogen were isolated
from plasma and Cohn fraction III pastes (gift from Dr. H. S. Kingdon,
Highland Laboratories, Glendale, CA) by lysine-Sepharose affinity
chromatography as described (22). Plasmin was prepared by activa-
tion of Lys-plasminogen with urokinase and characterized by p-nitro-
phenyl-p'-guanidinobenzoate titration and SDS-PAGEanalysis as re-
ported (22).

Vitronectin purification
Humanvitronectin was purified from fresh plasma by heparin-Sephar-
ose 4B affinity chromatography in the presence of urea as described by

Yatohgo et al. (23). SDS-PAGEanalysis of the purified vitronectin
revealed two bands with the molecular masses of 75 and 65 kD as
reported ( 19).

IgG purification
IgGs were purified from antisera (anti-bovine uPA, anti-fragment D,
and anti-fragment E) or nonimmune rabbit serum using protein A-Se-
pharose affinity chromatography according to the manufacturer's in-
struction (Pharmacia Inc.). Purified IgGs were dialyzed against PBS,
passed through a 0.22-Mm sterile filter, and stored at 4VC.

Endothelial cell culture
BPAEC(CCL-209) was obtained from the American Type Culture
Collection (Rockville, MD) at 16th passage. BPAECwere grown in
Dulbecco's Modified Essential Medium (DMEM) (Gibco Laborato-
ries, Grand Island, NY) with the supplement of 20%FCS(Gibco Labo-
ratories), 50 ;tg/ml of gentamycin, and 0.1 MMof Modified Eagle Non-
Essential Amino Acids (Gibco Laboratories). This endothelial cell line
was characterized by uptake of acetylated LDL and presence of angio-
tensin-converting enzyme and von Willebrand factor.

BPAECwere seeded onto 12-well culture dishes and grown to con-
fluency in DMEM(3-4 d postseeding). The cells were washed 2x with
HBSSand incubated with fragment D or fragment E in DMEM(final
volume 400 ,l) containing 20 mMHepes (Sigma Chemical Co., St
Louis, MO) and 0.5% BSA (Sigma Chemical Co.), pH 7.4, without
phenol red. Previous studies showed that these cells remained a con-
fluent monolayer after 72 h in serum-free culture medium. Condi-
tioned medium was collected at different time points after the interven-
tions. The cells were washed (2X) with HBSSand lysed in 400 ,l of
0.5% Triton X-I00 for assaying PAs and plasmin or trypsinized for cell
counts. The Triton-insoluble extracellular matrix was washed (2x)
with HBSSfor plasmin assay or scraped into SDSsample buffer for gel
analysis.

Assay of endothelial cell detachment
Endothelial cells were challenged with fragment D, fragment E, or con-
trol DMEMfor different periods. Cell morphology was examined by
phase contrast microscopy. The detached cells were removed at differ-
ent time points by washing (3x) with HBSS. The remaining attached
cells were detached from the underlying substratum by brief trypsin
exposure and were counted using a hemocytometer. The viability of
both attached and detached endothelial cells was determined by trypan
blue dye exclusion. For analysis, the percent of detached cells was cal-
culated from remaining attached cells by number of control cells -
number of treated cells/ number of control cells x 100.

Measurement of PAs
Measurement of antigens. A modified sandwich ELISA (24) was used
to measure uPA in conditioned media and cell lysates. Wells of 96-well
microtiter plates were coated with a rabbit anti-bovine uPA polyclonal
antibody as the capturing antibody. A goat anti-human uPA polyclo-
nal antibody (which cross-reacted with bovine uPA) was used as the
primary antibody. When compared with human urokinase standard,
uPA concentrations of the assayed samples were in the range of 10 to
200 ng/ml. The absorbance values at 410 nm (A410) of control and
fragment D-treated groups were compared to reflect uPA antigen lev-
els. tPA antigen in the conditioned media was measured by ELISA
using goat anti-porcine heart tPA polyclonal antibody, which cross-
reacted with bovine tPA.

Chromogenic analysis of total PA activity. Total PA activity (which
comprised both uPA and tPA) was measured using the plasminogen
activation assay of Coleman and Green (25). Briefly, 10 Ml of sample or
uPA standard was incubated with 50 Ml of 0.12 mg/ml Lys-plasmino-
gen in 0.12 Mglycine buffer containing 0.05% BSA (Sigma Chemical
Co.), pH 8.5 at 37°C for 45 min. The reaction mixture was then incu-
bated with 1.74 mg/ml DTNBin PBS buffer containinng 0.2 MP04,
0.2 MNaCl, and 0.0 1%Triton X-100, pH 7.5 (Ellman's reagent) and
Cbz-Lys-S-Bzl in the PBS/Triton buffer at 370C for 60 min. The reac-
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tion was terminated by adding soybean trypsin inhibitor (1 mg/ml;
100 gld/tube) and the absorbance of the samples at 412 nm was read
against blank H20 and corrected by plasminogen blank. The average of
the duplicated absorbance values was used to calculate equivalent CTA
Committee for Thrombolytic Activity (CTA) units/ml (U/ml)
against a regression line of human uPA standards. For assaying frag-
ment D-containing conditioned media, the calibration curve of the
standard was made using same concentrations of fragment D in the
assay mixture.

Zymographic analysis of PA activity. The PAs in conditioned me-
dia and cell lysates were analyzed by casein/plasminogen SDS-PAGE
zymography with modifications (26, 27). The assay was performed on
a mini-dual slab gel apparatus (Bio-Rad Laboratories). Lys-plasmino-
gen (final concentration of 0.03 mg/ml) and casein (final concentra-
tion of 1 mg/ml) were copolymerized in a gradient SDS polyacryl-
amide gel. Samples of conditioned media and cell lysate were unboiled
and nonreduced. After electrophoresis at 200 V for 45 to 60 min at
4VC, the gels were soaked in 2.5% Triton X- 100 in H20 at room temper-
ature for 60 min and incubated with 0.1 Mglycine buffer (pH 8.3) at
370C for 3 to 5 h (longer incubation time was used for detecting tPA).
The gels were stained with Coomassie blue followed by destaining.
Plasminogen-independent caseinolytic activity was determined by ana-
lyzing the same samples on gels containing casein but without plasmin-
ogen. The uPA or tPA activities were characterized by their respective
molecular weights and using plasminogen/casein gels copolymerized
with antibodies against tPA or uPA (27, 28).

Measurement ofplasmin activity
Conditioned media and Triton-cell lysates were incubated with plas-
min substrate Val-Leu-Lys-pNA (S-225 1, final concentration of 0.35
mM)in a 96-well microtiter plate (final volume of 200 Ml/well) for 60
min at room temperature. The Triton X-100-insoluble matrix was
incubated with S-2251 for 60 min and the reaction mixture was trans-
ferred into a 96-well plate for reading absorbance. Plasmin activity was
measured by reading the absorbance at 410 nm and was calculated
against a plasmin standard regression line. ,

Subendothelial 125I-fibrinogen and -vitronectin degradation
Fibrinogen was iodinated using a modified chloramine-T method (29)
and vitronectin was iodinated using an iodogen reaction kit according
to manufacturer's instruction (Pierce Chemical Co.). Free 125I was re-
moved by gel filtration on a Sephadex G-25 column (Pharmacia Inc.)
and dialysis. The 1251-fibrinogen- or 12'I-vitronectin-coated plates were
prepared as described (30). The 24-well culture dishes were coated
with 0.1 ml of 1251-fibrinogen or 125I-vitronectin (200,000 cpm/well) in
the presence of 100 uig/ml corresponding unlabeled proteins. After
drying at 40°C in an oven, the coated plates were blocked with 0.4 ml
of 1% BSA in PBS at room temperature for 1 h followed by washing
(2x) with 1 ml of PBS. The plates were then sterilized by ultraviolet
light overnight, and cells were seeded with 2X density. The cells
reached confluency within 48 h after seeding.

Confluent BPAECmonolayers grown on the '251I-fibrinogen- or
'251-vitronectin-coated surface were washed 3x with DMEMand chal-
lenged with control PBS or fragment D with or without the following
agents: plasminogen, aprotinin, dansyl-GGACK, anti-uPA antibody,
or nonimmune control IgG. Medium (20 ,l) from each well was
counted at different times after fragment D challenge. Radiolabeled
protein-coated wells in the presence or absence of plasmin were used as
negative and positive controls, respectively.

Data analysis
Data were presented as mean±SEM. Somevalues were normalized as
percent of control. Values between two groups were compared using
Student's t test. Comparison of several experimental groups with one
control group was madeby Dunnett's multiple-range test. Scheffe's test
was used to compare the differences among several groups. Data signifi-
cantly different from the normal distribution were analyzed by non-
parametric statistics (Statpac Program). Statistical significance was de-
fined as P < 0.05.

Results

Fragment D-induced endothelial cell detachment
BPAECmonolayers maintained the characteristic pattern of

the intact confluent monolayer in serum-free DMEMfor the
study period of 48 h (Fig. 1 a). Treatment with fragment D (2

MM) for 8 h caused no significant morphological changes or cell
detachment (Fig. 1 b). Some cells were retracted at 12 h after
fragment D challenge (Fig. 1 c). However, incubation with 2

MuM fragment D for 24 h detached 50.8±4.0% (n = 9) (P
< 0.01 ) of the cells from the substratum (Fig. 1 dand Table I).
Lower concentrations of fragment D (0.5-1.0 ,M) required
longer incubation periods to produce the same effect. Frag-
ment D-induced cell detachment (i.e., 50.2±2.5% of cells were

detached with exposure of 1 MMfor 36 h [n = 6]) was signifi-
cantly reduced by coincubation with 0.8 mg/ml anti-fragment
D antibody (IgG) 5/59B (18.6±5.4%; [n = 3] P < 0.01),
whereas nonimmune control IgG had no significant effect
(45.1±2.8%; P > 0.05 [n = 3]). To assess whether fragment
D-induced endothelial cell detachment was reversible, BPAEC
were incubated with 2 MMfragment D for 2 to 4 h and the
medium was removed by washing the cell layers 2x with fresh
DMEM.There was no sign of cell detachment up to 72 h,
indicating that the effect of fragment Dwas reversible. BPAEC
treated with <4,uM of purified fibrinogen for 72 h did not show
significant cell detachment (Fig. 1 e). BPAECtreated with 4
,MM of fragment E for 24 h caused less cell detachment com-

pared with the fragment D-exposed cells (Fig. I f ).
Endothelial cell detachment produced by fragment D was

independent of the COOH-terminal sequence of the y-chain
on fragment D because fragment D80 (which lacks the y-car-

boxyl sequence of fragment D94 [ 31 ]) produced a similar effect
as fragment D94 (Table II).

The presence of 20% serum in the incubating medium po-

tentiated cell detachment mediated by fragment D (Table II).
This effect was also seen with 10 or 5%of serum. Serum passed
through a lysine-Sepharose column to remove plasminogen or

heated at 56°C for 30 min to inactivate complement retained
its potentiating activity.

Effects offragment D on endothelial cell-derived PAs
PA Antigens. BPAECincubated with 4 MMfibrinogen showed
no increase in uPA antigen concentration in the medium. In
contrast, fragment D (2 MuM) significantly increased uPA anti-
gen concentration (Table III). Fragment E at 4 MMinduced a

small (statistically insignificant) increase in uPA antigen in the
medium, which was significantly less than with fragment D (P
< 0.05) (Table III).

Incubation of BPAECwith 2 MuM fragment D produced a

time-dependent increase in uPA antigen in the conditioned
medium; i.e., fragment D-treated endothelial cells increased
the uPA antigen levels to 150.1±13.6 (n = 14) (P < 0.01 ) and
148.1±11.4% (n = 18) of the corresponding control values (P
< 0.01) at 2 and 4 h, respectively (Fig. 2). At 8 to 12 h, the
medium uPA antigen concentrations were similar to the con-

trol values (P > 0.05) (Fig. 2). Fragment D did not cause

significant changes in uPA antigen concentrations in the Tri-
ton X- 100-soluble cell fraction.

Fragment D-challenged BPAECmonolayers also increased
the tPA antigen concentration in the conditioned medium
compared with controls (Fig. 3); i.e., challenge with 2 MMfrag-
ment D for 2, 4, and 8 h increased tPA antigen to 182.2±18.0

2510 M. Ge, G. Tang, T. J. Ryan, and A. B. Malik



Figure 1. Time course of fragment D-induced BPAECdetachment. Endothelial cells were incubated with endothelial cells with fragment D, fi-
brinogen, fragment E, or control PBS in DMEMfor various periods. The micrographs show BPAECmonolayers of (a) control cells treated
with PBS for 24 h; (b) cells treated with 2 AMof fragment D for 8 h; (c) cells treated with 2 MMof fragment D for 12 h; (d) cells treated with 2
MMof fragment D for 24 h; (e) cells treated with 4 AMof fibrinogen for 24 h; and (f ) cells treated with 4 jiM of fragment E for 24 h.

(n = 20) (P < 0.01), 164.2±9.1 (n = 26) (P < 0.01), and
137.8±17.2% (n = 16) (P < 0.05) of the corresponding control
values, respectively. At 12 h, the tPA antigen levels were similar
to the control value (P > 0.05) (Fig. 3).

PA activities. SDS-PAGEzymography indicated that un-
treated BPAECmonolayers constitutively released PAs into

the incubating medium (Fig. 4 a). More than 90%of the total
PA activity in control BPAECconditioned medium after 24 h
incubation was inhibited by anti-bovine uPA IgG when ana-
lyzed by the chromagenic PAactivity assay. Zymography analy-
sis also indicated that most of the PA activity in control
BPAECconditioned medium was uPA (Mr 48 kD) (Fig. 4
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Table I. Effect of Fragment D on Bovine Pulmonary Artery
endothelial Cell Detachment

Attached cells*

Time Control n Fragment D n

h x105 cells per well x105J cells per well

4 5.94±0.16 4 5.88±0.24 4
8 6.05 2 6.10 2

12 5.67 2 5.70±0.44 3
16 5.70±0.28 4 5.11±0.13 4
24 6.19±0.18 8 3.04±0.25* 9

Endothelial monolayers were challenged with 2 MMfragment D for
the indicated periods. Cells were washed and remaining attached
cells were counted (see Methods for details). Values are expressed as
mean±SEM.
* Different from time-matched control group (P < 0.01).

a), which was eliminated when anti-uPA Ab was copolymer-
ized in the gel. Anti-uPA Ab also inhibited the caseinolytic
activity of a 30-kD protein (Fig. 4 a), which is a proteolytic
product of uPA generated by plasmin cleavage (10-12, 14).
Fragment D increased the 48-kD uPA activity in the medium
at 4 h, whereas the uPA activities at 8 and 24 h were similar to
or lower than the constitutive release from control cells (Fig. 4
a). The increase in uPA induced by fragment E at 4 h was less
than that observed with fragment D.

Zymographic analysis indicated that fragment Denhanced
a band (Mr = 70,000) in the conditioned medium at 8 h (Fig. 4
a). The 70-kD protein was identified to be tPA because it was
inhibited by copolymerizing with an anti-tPA antibody in ca-
sein-plasminogen gel. The increase in tPA activity induced by
fragment Dwas invariably less than the increase in uPA activ-
ity (Fig. 4 a).

The fragment D-induced increase in PA activity assessed
by the activity assay was evident after 30 min of incubation (n
= 4) (P < 0.05) (Fig. 4 b and Table IV). The response peaked
within 2 h (201.6±14.9%) (n = 18) (P < 0.01 ) compared with

Table II. Effects of Different Preparations of Fragment D with or
without Serum on Bovine Pulmonary Artery Endothelial
Cell Detachment

Group n Attached cells

xl O5 cells per well

Control 8 6.19±0.18
Fragment D94 (2 MM) 9 3.04±0.25*
Fragment D80 (2 MM) 5 3.35±0.19*
Fragment D94 (2 ,M)

w/20% serum 5 1.87±0.25$*

Endothelial monolayers were challenged with 2 AMfragment Dwith
or without 20%serum (in DMEM)or 2 ,M fragment D80 for 24 h.
Cell layers were washed and remaining attached cells were counted
(see Methods for details). Values are shown as mean±SEM.
* Different from control (P < 0.01).
* Different from other fragment D-treated groups (P < 0.05).

Table III. Effect of Fibrinogen and Its Derivatives on uPA Antigen
in the Conditioned Media of Bovine Pulmonary Artery
Endothelial Cells

Group n Absorbance at 410 nm

Control 4 0.500±0.054
Fibrinogen (4 MM) 4 0.526±0.051
Fragment D (2 MM) 4 0.959±0.019*t
Fragment E (4 MM) 4 0.602±0.043

Endothelial monolayers were challenged by fibrinogen (4 MM), frag-
ment D (2 MM), or fragment E (4 MM) for 2 h. The uPA antigen
levels were measured by ELISA (see Methods for details). The values
are expressed as mean±SEM.
* Different from control (P < 0.05).

Different from fibrinogen and fragment E groups (P < 0.05).

the control value (Fig. 4 b). The PAactivity in the conditioned
medium of fragment D-treated BPAECgradually returned to
the time-matched control levels after 6 h (Fig. 4 a and Table
IV). After 12 h, the PA activity in the media was less than the
control value. The results of the PA activity assay were consis-
tent with that of zymographic analysis (Fig. 4 a vs. b). The
effect of fragment D in increasing PA activity in the medium
was also concentration dependent (Fig. 5, a and b).

Effect offragment D on endothelial cell-associated plasmin
activity
Incubation of endothelial monolayers with 2 ,uM of fragment D
increased the cell-associated plasmin activity at 2 h (Fig. 6).

0 5-

200

610 A

..

175 2-

0 2 4 6 8 10 12

Time (hr)

Figure 2. Effect of fragment D on uPA antigen concentration in the
BPAEC-conditioned medium. Endothelial monolayers were incu-
bated with 2 MMfragment D or control PBS in DMEMfor the indi-
cated periods. The percent of control values at each time point was
calculated (experimental/control x 100) . Data are shown as
mean+SEM. *Comparison with control (P < 0.01). Insert shows
representative experiments, shaded bar (C), control; open bar (D),
fragment D treatment.
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Figure 3. Effect of fragment D on tPA antigen concentration in
BPAEC-conditioned medium. Endothelial monolayers were incu-
bated with 2 MMfragment D or control PBS in DMEMfor the indi-
cated periods. The percent of control values at each time point was
calculated (experimental/control x 100). Data are shown as
mean±SEM. Comparison with control (**P < 0.01; *P < 0.05). In-
sert shows representative experiments, shaded bar ( C), control; open
bar (D), fragment D treatment.
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Figure 4. (a) Effect of fragment D on PA activity in BPAEC-condi-
tioned medium (zymographic analysis). Endothelial cells were incu-
bated with fragment D (2 AM) or control PBS in DMEMfor the in-
dicated periods. PA activities were analyzed on a 5-20% gradient
SDSacrylamide-casein/plasminogen mini-slab gel. Unboiled sam-
ples (10 gl) were applied to each lane. From left to right the paired
lanes (I and 2, 3 and 4, 5 and 6) represent the samples obtained at 4,
8, and 24 h, respectively. Samples in lanes 1, 3, and 5 were from
control cells, and examples in lanes 2, 4, and 6 were from fragment
D-treated cells. Arrows indicate the PAs with relative molecular mass
values. (b) Endothelial cells were incubated with fragment D (2 MM)
or control PBSin DMEMfor the indicated periods. Data are shown
as mean±SEM. *Comparison with control (P < 0.05).

Table IV Effect of Fragment D on Plasminogen Activator
Activity in Bovine Pulmonary Artery Endothelial
Cell-Conditioned Medium

PA activity

Time Control n Fragment D n

h U/mi U/mi

0.5 0.175±0.017 4 0.302±0.023* 4
1 0.250±0.048 6 0.420±0.117* 6
2 0.388±0.066 17 0.749±0.168* 18
4 0.452±0.055 14 0.770±0.071* 14
6 0.963±0.102 6 1.292±0.077* 6
8 1.522±0.142 6 1.377±0.184 6

12 1.62 1±0.363 4 0.704±0.327 4

Endothelial cells were incubated with 2 MMof fragment D or control
PBSin DMEMfor the indicated periods. PA activity is determined
by the activity assay (see Methods for details). The values are shown
as mean±SEM.
* Different from control (P < 0.05).

The plasmin activity remained elevated at 12 h (n = 4; P
< 0.01; Fig. 6). The plasmin activity was not detectable in the
conditioned medium or Triton-insoluble matrix fractions.
Fragment E (4 AM) also increased the cell-associated plasmin
activity from the control value of 0.295±0.014 to 0.363±0.018
nM/liter (P < 0.05) after 12 h of incubation; however, this
effect was less than that caused by 2 MMof fragment D (P
< 0.05).

Effects offragment D on degradation of subendothelial
proteins
BPAECgrown on 1251-fibrinogen- or 123I-vitronectin-coated
surfaces formed characteristic confluent monolayers. Frag-
ment Dchallenge (1 M) for 2, 4, and 8 h increased the release
of subendothelial 1251-fibrinogen fragments into the medium
(Table V). At 2, 4, and 8 h, the fragment D-induced release of

'25I-fibrinogen fragments increased from control values of
550±85, 888±89, and 1154±77 to 760±87 (P < 0.05),
1094±80 (P < 0.05), and 1482±49 cpm/well (P < 0.05), re-
spectively. Fragment D challenge also increased the release in
'251-vitronectin fragments into the medium, which peaked at 4
h of fragment D challenge (P < 0.05; Table V). These results
indicate that fragment D-induced plasmin generation was ca-
pable of degrading subendothelial proteins.

Addition of Glu-plasminogen (0.1 MM)augmented the re-
lease of '251-fibrinogen fragments into the medium by 10-fold.
This response was inhibited by pretreatment of BPAECwith
anti-bovine uPA antibody (0.7 mg/ml), uPA inhibitor (dan-
syl-GGACK) ( 10-7 M), or the plasmin inhibitor (aprotinin)
(200 U/ ml) (Fig. 7). Pretreatment of nonimmune rabbit IgG
(0.7 mg/ml) showed no effect (Fig. 7). Similar results were
obtained using BPAECseeded on 1251I-vitronectin-coated sur-
faces (data not shown).

Effects of uPA and plasmin inhibitors on endothelial cell
detachment
Fragment D-induced endothelial cell detachment was de-
creased by 60%after pretreatment of BPAECmonolayers with
10-7 Mdansyl-GGACK (n = 4) (P < 0.01), 200 U/ml of
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Figure 5. (a) Effects of different concentrations of fragment D on PA
activity in BPAEC-conditioned medium (zymographic analysis). En-
dothelial cells were incubated with fragment D or control PBS in
DMEMfor 2 h. PA activities were analyzed on a 5-20% gradient SDS
acrylamide-casein/plasminogen mini-slab gel. Unboiled samples (5
All) were applied to each lane. Samples in the lanes are (1) control, (2)
1 ,uM fragment D, and (3) 2 MMfragment D. Bar, uPA relative mo-
lecular mass. (b) Effect of different concentrations of fragment D on
PA activity in the conditioned medium as determined by the activity
assay. Endothelial cells were incubated with the indicated concentra-
tions of fragment D or control PBS in DMEMfor 2 h. The percent of
control values = experimental/control X 100. Data are shown as
mean±SEM. *Comparison with control (P < 0.01).

aprotinin (n = 5) (P < 0.01), or 0.7 mg/ml of anti-bovine
uPA antibody (n = 3) (P < 0.01) for 30 min before the frag-
ment D challenge (Fig. 8). In contrast, the nonimmune IgG
showed no protective effect (Fig. 8). These results indicate that
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Table V. Effect of Fragment D on Degradation of Radiolabeled
Proteins Coating the Subendothelium

Medium radiolabeled fragments

Time Fibrinogen Vitronectin

h % of control

2 125.7±9.8 (9)t 117.8±17.6 (6)
4 122.9±7.9 (9)t 124.4±12.1 (6)t
8 128.4±4.2 (5)t

12 119.3±6.6 (9)t 121.3±5.0 (4)
24 111.0±11.1 (4) 114.1±2.7 (8)

Confluent endothelial monolayers grown on plates coated with 12511
fibrinogen, or '251I-vitronectin were washed (3X) and then challenged
with 1 gM fragment D or control PBS in DMEMat time 0. At various
intervals, 20 ,1 of the conditioned media was sampled from each well
and the radioactivity was counted.
* Percent (%) of control = experimental/control X 100. The numbers
in parenthesis indicate the number of the samples.
Data are shown as mean±SEM.
t Different from time-matched control (P < 0.05).

fragment D-induced endothelial release of PAs and the subse-
quent generation of cell-associated plasmin are critical events
in endothelial cell detachment.

Discussion

Endothelial cells produce uPA and tPA ( 10-12, 14-16). Sev-
eral studies have shown that uPA is associated with cell-sub-
stratum adhesion sites (10-12, 16). During inflammation or
upon the challenge with inflammatory mediators, endothelial
cells express and secrete PAs ( 10-12, 24, 32), and hence these
may contribute to endothelial injury. Secretion of PAs to the
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Figure 6. Effect of fragment Don BPAEC-associated plasmin activity.
Endothelial cells were incubated with fragment D (2 MM) or control
PBS in DMEMfor the indicated periods. At the end of incubation,
conditioned medium was removed and the cells were washed 2x with
HBSS. The cells were then lysed in 0.5% Triton X-100 and plasmin
activity was measured by the hydrolysis of S-2251 substrate in a 96-
well microtiter plate. Values are shown as mean±SEM. *Comparison
with control (P < 0.01 ). - -- +, control; * *, Fgt D.

Time (hr)

Figure 7. Effect of anti-uPA antibody and inhibitors on coated '251-fi-
brinogen degradation in the presence of exogenous plasminogen.
Confluent endothelial monolayer grown on '251-fibrinogen-coated
plates were pretreated with 0.7 mg/ml of anti-bovine uPA IgG (a-
uPA IgG), 0.7 mg/ml nonimmune IgG (IgG), 100 U/ml aprotinin,
or l0-7 Mdansyl-GGACK 30 min before fragment D in the presence
of 0.1 ILM Glu-plasminogen. At the indicated time points, 20 Ml of
the conditioned media was sampled from each well and radioactivity
was counted. Radioactivity values in the conditioned media are ex-
pressed as cpm X 103/well. A A, Fgt + a-uPA IgG; v - -- v, fat
D + Aprotinin; * - - *, Fgt D + dansyl GGACK; . - - -in; Fgt D
+ IgG; * , Fgt D.
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lenge. The cells were
incubated with 1 ,uM fragment D or control PBS in DMEMfor 36 h.
The detached cells were removed by washing (3X) the cells with
HBSS. The remainder of the attached cells was then detached by
trypsinization and counted in a hemocytometer (as described in
Methods). The percent of cells detached was calculated ([number of
control cells - number of treated remaining cells]/ number of control
cells X 100). Values are mean±SEM. *Comparison with fragment
D group (P < 0.01 ).

subendothelial sites may mediate the loss of endothelial barrier
function subsequent to proteolysis of subendothelial proteins.

Previous studies have suggested a critical role for high mo-
lecular weight FDPs in the inflammatory response ( 1-3). One
major high molecular weight FDP, fragment D, is markedly
elevated in the plasma of ARDSpatients and has been linked to
the development of lung vascular injury (4). Infusion of frag-
ment D in rabbits caused lung injury associated with increased
lung vascular permeability (6, 7). In vitro studies indicate that
fragment D increases transendothelial macromolecular trans-
port, alters cytoskeletal F-actin, and disrupts the endothelial
cell monolayer (8, 9). In the present study, we observed that
fragment D challenge for 24 h caused - 50% detachment of
BPAEC from the substratum, a process independent of the
,y-carboxyl sequence of fragment D. The finding that y-car-
boxyl peptide is not required for endothelial cell detachment is
supported by previous studies (8, 9). Fragment D-induced en-
dothelial cell detachment was reversible and was augmented by
serum-containing medium. Wespeculate that serum contains
factor(s) that interact with fragment Dand thus are capable of
potentiating the effect of fragment D. The nature of the serum
cofactor(s) is not clear, but the present results ruled out plas-
minogen and complement constituents of serum.

Because fragment D is known to modulate PA-mediated
plasminogen activation ( 17, 18, 33), we examined the possibil-
ity that fragment D-induced endothelial cell detachment is
mediated by release of endothelial-derived PAs and subsequent
activation of cell-bound plasminogen. Wetested the hypothesis
that "upregulation" of endothelial cell-mediated fibrinolytic
activity by fragment D degrades the extracellular matrix and
progressively detaches cells from the substratum.

The results indicated that purified fragment D caused the
release of uPA into the BPAEC-conditioned medium within 2
to 4 h of treatment, whereas fibrinogen showed no effect. Frag-
ment D mainly increased 48-kD uPA and subsequently in-
creased a 30-kD uPA. The latter is a degradation product of the
48-kD uPA, generated by limited plasmin proteolysis of the
NH2-terminal cell-binding domain of uPA (10-12). BPAEC

produced relatively low levels of tPA after fragment D chal-
lenge, which was also released into the medium in the similar
time frame. The increase in PA activity was associated with
elevated uPA and tPA antigen concentrations in the medium.
In contrast to fragment D, BPAECchallenged with fragment E
resulted in smaller increases in uPA antigen in the conditioned
medium. The effects of fragment E on endothelial release of
uPA and plasmin generation were invariably less than those of
fragment D, consistent with our previous observation that frag-
ment D was more potent in increasing endothelial permeabil-
ity than fragment E (9).

Fragment D increased the plasmin activity in BPAECly-
sates, but not in the BPAEC-conditioned medium, suggesting
that the generated plasmin remained cell bound. In contrast to
the relatively transient increases in uPA and tPA activities, the
increase in cell-associated plasmin activity was sustained for
the duration of the study. This may be the result of absence of
plasmin inhibitors in the serum-free medium or binding of
plasmin to cell membrane may protect the plasmin from inac-
tivation (34). Weused the 25I-fibrinogen and '25I-vitronectin
degradation assay (30) to determine whether the cell-bound
plasmin altered the underlying extracellular matrix. Fragment
D challenge of BPAECmonolayers increased the release of
'25I-fibrinogen and '25I-vitronectin fragments into the condi-

tioned medium. The time course of degradation of the radiola-
beled proteins paralleled the increase in the cell-associated plas-
min activity. Because uPA secreted into the basolateral com-
partment of bovine endothelial cells is associated with focal
contact points ( 16), the fragment D-induced increase in PA
activity and the resultant increase in cell-associated plasmin
may focally degrade underlying endothelial matrix and thus
mediate the detachment of endothelial cells.

The role of plasmin generation by increased PA activity in
mediating fragment D-induced endothelial cell detachment
was examined using anti-uPA antibody, uPA inhibitor, or plas-
min inhibitor. Pretreatment of endothelial cells with anti-uPA
polyclonal antibody, uPA inhibitor (dansyl-GGACK), or plas-
min inhibitor (aprotinin) prevented - 60% of the fragment
D-induced cell detachment, whereas nonimmune IgG (con-
trol antibody) showed no protection. These inhibitors were
shown to prevent the proteolysis of the subendothelial-coated
fibrinogen and vitronectin. These results support the hypothe-
sis that endothelial cell detachment involves the release of PAs
from BPAEC, generation of plasmin, and subsequent extracel-
lular matrix proteolysis. This sequence linking upregulation of
endothelial fibrinolytic activity to extracellular matrix degrada-
tion may mediate the observed fragment D-induced endothe-
lial injury.

There was a significant delay in endothelial cell detachment
in contrast to the relatively rapid increases in PA and plasmin
activities. Although fragment D significantly increased
BPAEC-bound plasmin activity, the concentration of the gen-
erated plasmin was - 0.5 nM/liter. Therefore, at low concen-
trations of plasmin, there may be gradual and progressive
disruption of cell-cell and cell-substratum adhesion sites,
which may account for the delayed cell detachment. Wecan-
not rule out the possibility that uPA/plasmin-independent
mechanisms also contributed to fragment D-induced endothe-
lial cell detachment, particularly since the results indicated that
the inhibitors and antibodies partially prevented endothelial
cell detachment. Wehave observed that fragment Dcaused the
release of two metalloproteinases (M, = 65 and 95 kD) into the
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endothelial-conditioned media in 12 to 24 h, which were not
inhibited by aprotinin and dansyl-GGACK (unpublished ob-
servation). These enzymes may also contribute to the degrada-
tion of certain extracellular matrix proteins (e.g., collagen) and
cell detachment.

Wenoted that there was a decline in PA activity after 8 h of
fragment D challenge whereas the antigen concentrations of
both tPA and uPA did not decrease when compared with the
time-matched controls. This suggests increased inactivation of
PAs, which may be due to the endothelial secretion of PAIs
( 10, 11, 12, 16, 24). Whether fragment D induces endothelial
expression and secretion of PAIs and whether they modulate
fragment D-induced endothelial cell detachment is unknown.
However, fragment D-induced PA secretion caused the rela-
tively rapid generation of plasmin, which was clearly the domi-
nant factor responsible for degradation of extracellular matrix
proteins and cell detachment as shown by the inhibitor studies.

In summary, we observed that purified fibrinogen fragment
D increased the secretion of uPA and, to lesser extent, of tPA
into the conditioned medium of BPAEC. Fragment D aug-
mented the endothelial cell-associated plasmin activity and
caused proteolysis of extracellular matrix proteins. Therefore,
vascular endothelial injury after activation of fibrinolysis may
be the result of fragment D-induced release of endothelial-de-
rived PAs, focal generation of plasmin, and resultant degrada-
tion of subendothelial matrix. This pro-inflammatory role of
FDP fragment D may be important in the pathogenesis of tis-
sue inflammation associated with activation of fibrinolysis.
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