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Abstract Introduction

Angiotensin II (All) - and Arg8-vasopressin (AVP) -regu-
lated gene expression in vascular cells has been reported to
contribute to vascular homeostasis and hypertrophy. In this
report, AVP-induced expression of plasminogen activator
inhibitor (PAI)-2 mRNA in rat microvessel endothelial
(RME) cells was identified using differential mRNA display.
Further characterization of vasoactive peptide effects on
PAI expression revealed that All stimulated a 44.8+25.2-
fold and a 12.4+3.2-fold increase in PAI-2 mRNA in RME
cells and rat aortic smooth muscle cells (RASMC), respec-
tively. All also stimulated a 10- and 48-fold increase in PAl-
1 mRNA in RME cells and RASMC, respectively. These All
effects were inhibited by either Sar', Ile8-angiotensin or the
AT, antagonist DuP 735, but were not significantly altered
in the presence of the AT2 antagonist PD123319. All stimu-
lation of RASMC and RME cells also significantly increased
both PAI-1 protein and PAI activity released to the culture
medium. Inhibition of protein kinase C completely blocked
PMA-stimulated induction of PAI-2 mRNA in both cell
types and inhibited the All-stimulated increase in RASMC
by 98.6+2.8%. In contrast, protein kinase C inhibition only
partially decreased the All-stimulated PAI-2 expression in
RME cells by 68.8+11.1%, suggesting that a protein kinase
C-independent mechanism contributes to a 6.9+ 1.5-fold
All induction of PAI-2 expression in endothelial cells. All
and PMA also stimulated protein tyrosine phosphorylation
in RME cells, and the tyrosine kinase inhibitor genistein
partially blocked their induction of PAI-2 mRNA. These
findings suggest that All may regulate plasminogen activa-
tion in the vasculature by inducing both PAI-i and PAI-2
expression. (J. Clin. Invest. 1995. 95:1353-1362) Key words:
angiotensin II * plasminogen activator inhibitor * endothelial
cell * vascular smooth muscle cells * gene expression
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Angiotensin II (All)' is a vasoactive peptide that exerts a vari-
ety of effects on vascular cells and tissues. All regulates vascu-
lar tone both by its direct vasopressor effects on contractile cells,
such as vascular smooth muscle cells, and via the induction
of other vasoactive compounds in endothelial cells, such as
endothelin- 1 and prostaglandins ( 1, 2). In addition, All exerts
effects on the vasculature that are independent of the regulation
of vascular tone. All stimulation of both mitogenesis and protein
synthesis in vascular smooth muscle cells has been reported to
contribute to vascular hypertrophy (3-5). All has also been
shown to stimulate c-mnVc, c-fos, platelet-derived growth factor,
basic fibroblast growth factor, insulin-like growth factor-I, and
tissue factor expression in vascular smooth muscle cells (6-
10). These reports suggest that All-regulated gene expression
in vascular cells may mediate a diverse array of actions of the
angiotensin system in the vasculature.

Growing experimental and clinical evidence strongly sug-
gests that the renin-angiotensin system contributes to the patho-
genesis of a number of vascular diseases. Recent genetic studies
have linked an angiotensinogen gene allele to the occurrence
of essential hypertension (11, 12). Polymorphisms in the angio-
tensin-converting enzyme (ACE) gene have been linked to left-
ventricular hypertrophy, cardiomyopathy, myocardial in-
farction, and diabetic nephropathy (13-17). Inhibition of the
proteolytic conversion of angiotensin I to All with ACE inhibi-
tors, an established therapy for hypertensive and congestive
heart failure ( 18, 19), has also been shown to reduce intimal
thickening following vascular injury, myocardial infarction, and
the progression of diabetic nephropathy (20-23). Interestingly,
the results of several of these studies have demonstrated that
the beneficial effects of ACE inhibition occur via a mechanism
that is, in part, independent of its antihypertensive actions.

Several reports have also suggested that the renin-angioten-
sin system may regulate plasminogen activation and fibrinoly-
sis. Studies by Bell et al. have demonstrated that ACE inhibition
increases urokinase plasminogen activator (uPA) expression in
cultured aortic endothelial cells (24, 25). The systemic infusion
of All has been reported to increase circulating levels of plas-
minogen activator inhibitor (PAI) -1 (26). In addition, clinical
studies have shown that ACE inhibition reduces the rate of
recurrent myocardial infarction in patients with left-ventricular
dysfunction (21, 22). While these studies suggest that All may
inhibit fibrinolysis in the vasculature, the role of All on plasmin-
ogen activator inhibitor expression in vascular cells has not
been reported.

While examining vasoactive hormone-regulated gene ex-
pression using differential mRNA display (27-29), a PCR-
based screening technique, we found that Arg '-vasopressin
(AVP) induced plasminogen activator inhibitor-2 (PAI-2) ex-
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pression in cultured rat microvessel endothelial (RME) cells.
Further studies revealed that All was also a potent stimulator
of PAI-2 mRNA expression. In this report, we examined and
compared the effect of All on PAI-I and PAI-2 expression in
RME cells and rat aortic smooth muscle cells (RASMC). The
possibility that AII stimulation of these vascular cells may regu-
late plasminogen activation was investigated by examining the
effect of All on the release of PAI-i protein and PAI activity
from these cells. In addition, the All receptor isoform and signal
transduction mechanisms involved in the All-induced expres-
sion of PAI-i and PAI-2 in these vascular cells were investi-
gated. These studies suggest that AII stimulation of plasminogen
activator inhibitor expression in vascular endothelial and
smooth muscle cells may lead to impaired plasminogen activa-
tion in both the micro- and macrovasculature.

Methods

Cell culture. RME cells were isolated from epididymal fat pads as
described previously (30). Cells were cultured on fibronectin-coated
plates in Dulbecco's minimum essential medium (DMEM) containing
100 mg/dl glucose (Gibco Laboratories, Grand Island, NY) and 10%
(vol/vol) plasma-derived horse serum (Lampire Biological Labora-
tories, Piperville, PA). RME cells from passage 9 to 16 were used
in these studies. RASMC were isolated from Sprague-Dawley rats as
described previously (31), cultured in DMEM containing 10% fetal
calf serum, and used between passages 7 and 10. Confluent monolayers
of cells were serum deprived in DMEM containing 0.1% (wt/vol) BSA
for 18 h before stimulation. Cells were stimulated with All, AVP, or
PMA (Sigma Chemical Co., St. Louis, MO). For All receptor antagonist
studies, cells were pretreated for 15 min with Sar', Ile8-angiotensin
(Sigma Chemical Co.), DuP 735 (provided by Dr. Ronald D. Smith,
DuPont Merck Pharmaceutical Co., Wilmington, DE), or PD123319
(provided by Dr. David G. Taylor, Parke Davis, Morris Plains, NJ),
followed by stimulation with 100 nM All. The roles of protein kinase
C (PKC) and tyrosine phosphorylation were examined in cells pretreated
for 15 min with 10 MM GF 109203X (Calbiochem-Novabiochem Corp.,
La Jolla, CA), or 6 Mg/ml genistein (LC Laboratories, Wobum, MA)
followed by stimulation with either 100 nM All or 160 nM PMA.

RNA isolation and Northern blot analysis. Total RNA was isolated
using UltraSpecTm RNA (Biotecx, Houston, TX). 10-20 Mg of total
RNA was separated in a 1% (wt/vol)-agarose gel containing 20 mM
Mops, pH 7.0, 5 mM NaOAc, 1 mM EDTA, 0.76 Hg/ml ethidium
bromide, and 0.67% formaldehyde. RNA was transferred by capillary
technique to BiotransTm membrane (ICN Pharmaceuticals, Inc., Irvine,
CA), and ultraviolet cross-linked. Agarose gel-purified cDNA probes
for PAI-I and PAI-2 were labeled with a DNA labeling system
(Multiprime, Amersham Corp., Arlington Heights, IL), and purified by
gel filtration using Nap-5 columns (Pharmacia LKB Biotechnology Inc.,
Piscataway, NJ). Blots were hybridized in 50 mM Pipes, 100 mM
NaCl, 50 mM NaPO4, 1 mM EDTA, 0.1% salmon sperm DNA (Sigma
Chemical Co.), and 5% SDS at 65°C. The blots were then washed with
0.5X SSC and 5% SDS at 65°C and visualized by a Phosphorlmager
(Molecular Dynamics, Inc., Sunnyvale, CA).

Isolation ofPAI-I and PAI-2 cDNA probes by reverse transcription
(RT)-PCR and differential mRNA display. AVP-regulated gene expres-
sion in RME cells was examined by differential mRNA display (27),
with modifications described previously (28, 29). A differentially ex-
pressed PCR product was generated with primers AGGGAACGAG and
GVT,2 (V was degenerate for G, A, and C). This PCR fragment was
subcloned using the TA CloningT. system (Invitrogen, San Diego, CA)
and sequenced using the Sequenase Version 2.0 kit (United States Bio-
chemical Corporation, Cleveland, OH) with primers to the Sp6 and T7
promoters (Gibco BRL, Gaithersburg, MD). The cloned 250 bp PCR
insert was released from the TA vector by digestion with EcoRI, sepa-

rated in a 1.5% agarose gel, eluted from the agarose, and labeled for
use in Northern blot analysis.

A cDNA probe for rat PAI-l was generated by RT-PCR of RNA
from PMA-stimulated RASMC using oligonucleotide primers ATA-
GAATTCCACGAGTACGACATCCTGGAACTGC and ATAGGA-
TCCCCCTCTGAGG-TCCACTTCAGTCTCC (Midland Bio Products
Corp., Boone, IA) to the rat PAI-1 coding sequence (32). RT was
performed on 0.2 i.g RNA in the presence of 1 mM antisense primer,
20 mM NTP, 10 mM dithiothreitol, 50 mM Tris, pH 8.3, 75 mM KCl,
3 mM MgCl2, and 10 U Superscript RT (Gibco BRL) for 1 h at 37°C.
The PCR reaction mixture included 1.0 mM of the primers, 10% RT
mix, 10 mM Tris, pH 8.3, 50 mM KCI, 3 mM MgCl2, 0.001% gelatin,
2.0 mM NTP, and 0.05 U/sl. Amplitaq (Perkin-Elmer Cetus, Norwalk,
CT). The PCR conditions were 94°C x 30 s, 590C x 2 min, 720C x
30 s, for 40 cycles. The agarose gel-purified PCR product was cloned
into Bluescript KS (Stratagene Inc., La Jolla, CA) using the EcoRI or
BamHI restriction sequences that were included in the 5' ends of the
primers.

Analysis of PAI-I levels and PAI activity in conditioned medium.
RME cells and RASMC were cultured in six-well plates (Costar Corp.,
Cambridge, MA). Confluent monolayers of cells were washed with PBS
and incubated in 1 ml/well DMEM without phenol red (Gibco BRL)
for 30 h. During this incubation cells were treated with 100 nM AII for
0, 1, 2, 4, 6, or 24 h. Medium from triplicate wells was pooled and
centrifuged at 1,000 g for 5 min. The monolayers were washed on ice
with PBS and scraped from the wells with 250 kd lysis buffer (50
mM Tris, pH 7.5, 150 mM NaCl, 1% (vol/vol) Triton X-100, 2 mM
phenylmethylsulfonyl fluoride, and 0.1 mg/ml aprotinin). The triplicate
wells were pooled and insoluble material was removed by centrifugation
at 14,000 g for 5 min. The supematants from the cell lysate and medium
were stored at -80°C. Protein concentrations from the cell lysates were
determined by the Bradford method using a protein assay (Bio-Rad
Laboratories, Richmond, CA). For PAI-l immunoblotting, 100 4g of
BSA was added to 1 ml of medium and the mixture was precipitated
with 10% (vol/vol) trichloroacetic acid for 30 min on ice. Samples
were centrifuged at 14,000 g for 5 min, and pellets were washed three
times with 500 t.l diethyl ether, dissolved in 150 M1 Laemmli sample
buffer containing 2% (vol/vol) 2-mercaptoethanol, and boiled for 3
min. Samples (75 ,ul) were separated by SDS-PAGE (10% acrylamide),
transferred to nitrocellulose (Schleicher & Schuell, Inc., Keene, NH),
and immunoblotted with 5 tig/ml rabbit anti-rat PAI-I (American Diag-
nostica, Inc., Greenwich, CT) followed by 0.2 AlCi/ml "2I-labeled pro-
tein A (Amersham Corp.) in 25 mM Tris, pH 7.5, 150 mM NaCl, and
5% (wt/vol) nonfat dry milk. Results were visualized and quantitated
by PhosphorImage analysis (Molecular Dynamics, Inc.). Molecular
weights were estimated using prestained low molecular weight markers
(Bio-Rad Laboratories). Data were normalized to protein concentrations
of cell lysates.

PAI activity in the conditioned media was measured using the Spec-
trolyseg tissue plasminogen activator (tPA)/PAI kit (American Diag-
nostica, Inc.). Briefly, conditioned media were preincubated with a tPA
standard and the remaining free tPA activity was measured in a reaction
mixture containing plasminogen, fibrin, and a chromogenic substrate
(D-Val-Leu-Lys-para-nitroaniline) for plasmin.

Immunoblot analysis ofprotein tyrosine phosphorylation. Confluent
10-cm dishes of RME cells were serum deprived for 18 h in DMEM
+ 0.1% BSA, then stimulated for 3 min with 100 nM AVP or AII or
with 160 nM PMA. Cells were washed two times with ice-cold PBS
containing 2 mM Na2VO4, scraped from the dish, and centrifuged for
5 min at 500 g at 4°C. Cell pellets were lysed in 50 mM Tris, pH 7.4,
2 mM EGTA, 10 mM EDTA, 100 mM NaF, 1 mM Na2P207, 1% Triton
X-100, 2 mM NaVO4, 2 mM phenylmethylsulfonyl fluoride, 0.2 mg/
ml aprotinin for 30 min on ice. Samples were then centrifuged at 17,000
g for 5 min. 50 jig of protein from each cell extract (supernatant) was
boiled in Laemmli sample buffer, separated by 7.5% SDS-PAGE, and
transferred to nitrocellulose. The nitrocellulose was incubated in
blocking buffer (4% BSA in 10 mM Tris, pH 7.5, 0.15 M NaCl) for 1
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h and then incubated for 1 h with 20 ,g/ml polyclonal antiphosphotyro-
sine antibody (Upstate Biotechnology, Inc., Lake Placid, NY) diluted
in blocking buffer for 1 h. The nitrocellulose was then washed 5 x 5
min in 10 mM Tris, pH 7.5, 0.15 M NaCl, incubated with 0.2 pCi/ml
251I-protein A (Amersham Corp.) for 1 h, and washed 4 x 20 min.
Molecular weights were estimated by comparison with high molecular
weight markers (Bio-Rad Laboratories).

Data analysis. Quantitation of PAI-I and PAI-2 mRNA levels and
PAI- I protein levels was performed by PhosphorImage analysis (Molec-
ular Dynamics, Inc.) PAI-I and PAI-2 mRNA levels were normalized
to 36B4 mRNA, a constitutively regulated mRNA (27-29, 33), as

indicated. Significant changes in PAI mRNA, protein, and activity levels
from control and stimulated cells were determined by the Student's t
test. Values of P < 0.05 were considered statistically significant.

Results

Isolation of cDNA probes against rat PAI-i and PAI-2 by RT-
PCR and differential mRNA display. Differential mRNA display
was used to examine vasoactive hormone-regulated gene ex-

pression in cultured RME cells. As a result of this analysis, a

PCR product that was present in the RT-PCR reactions from
cells stimulated for 2 h with 100 nM AVP but was absent in
reactions from the unstimulated control was identified. This
PCR fragment was cloned, and its sequence matched the cDNA
for plasminogen activator inhibitor-2 type A (PAI-2) from Rat-
tus norvegicus (P = 3.4 X 10-61). The primers used in this
PCR reaction hybridized to the coding sequence of PAI-2 at
1,113 to 1,119 bp and a poly-A-rich region between 1,350 and
1,360 bp (sequence data are available from EMBL/GenBank/
DDBJ under accession number X64563), resulting in a 250-bp
PCR fragment. Northem blot analysis with this cloned PCR
product revealed that this PAI-2 probe hybridized to a 2.2-kb
mRNA, which was increased 23-fold (n = 3) in AVP-treated
RME cells (data not shown). A cDNA probe for rat PAI- 1 was

also generated by the RT-PCR of mRNA from PMA-stimulated
RASMC using oligonucleotides to the rat PAI-I sequence re-

ported in GenBank. This cloned PCR product contained 198 bp
of coding sequence that was identical to PAI-I cDNA (32). In
this report, we have used these cDNA probes against PAI-I and
PAI-2 to examine the role of All in the regulation of PAI
expression in RME cells and RASMC.

Comparison of All-stimulated PAI-I and PAI-2 mRNA ex-

pression in vascular endothelial and smooth muscle cells. The
kinetics of the All effect on PAI-I and PAI-2 expression was

examined by Northern blot analysis of total RNA from control
and All-stimulated RASMC and RME cells (Fig. 1, A and B).
The basal expression of PAI-2 mRNA in the unstimulated con-

trol RASMC or RME cells was low and occasionally not de-
tected in 15-20 pIg total RNA. Stimulation of cells with 100
nM All rapidly increased PAI-2 mRNA, reaching a peak at 2
and 4 h in RME cells and RASMC, respectively (Fig. 1, A and
B). A cDNA probe to acidic ribosomal phosphoprotein PO
(36B4, a constitutively expressed mRNA [33]) was used to
compare RNA loading. Analysis of PAI-1 expression revealed
that a basal level of PAI-1 mRNA could be detected in the
unstimulated control cells. An increase in PAI-I expression
was observed after 1 h of All stimulation, and PAI-I mRNA
expression reached a maximum after 4 h (Fig. 1, A and B).

While both cell types expressed PAI-I and PAI-2, RME
cells and RASMC differed in the relative expression of these
inhibitors. These differences were quantitated by Northern blot

A
RME cells

i 4'.

. , ",M

.,~k$6

< PAI-1

<PAI-2

< 36B4

0 0.5 1 2 4 h

B
RASMC

0 0.5 1

<PAl-1

<PAI-2

< 36B4

2 4 6 h

Figure 1. Time course of All-stimulated PAI-I and PAI-2 mRNA ex-

pression in RME cells and RASMC. RNA was isolated from RME cells
(A) and RASMC (B) that were stimulated with 100 nM All at 37°C
for the times indicated. Northern blot analysis was performed with
[a 32P]ATP-labeled cDNA probes for PAI-I and PAI-2. The cDNA
probe to 36B4, which hybridizes to acidic ribosomal phosphoprotein
PO, was used to compare RNA loading. Results were visualized using
a Phosphorlmager (Molecular Dynamics, Inc.). Data shown are repre-

sentative blots from three experiments.

analysis of RNA isolated from control and All-stimulated RME
cells and RASMC in the same experiment. This analysis re-

vealed that All-stimulated PAI-1 expression was significantly
greater (P < 0.05) in RASMC than in RME cells (Fig. 2, A
and C). In contrast, PAI-2 expression was consistently greater
in RME cells than in RASMC (Fig. 2, B and C). This difference
in PAI-2 expression, however, was not statistically significant.
The effects of PMA on PAI-I and PAI-2 mRNA expression
were also compared in these two cell types. Previous reports
have demonstrated that phorbol ester stimulates the expression
of PAI-2 in a number of other cell types (34-36). This analysis
revealed that the PMA-stimulated expression of PAI-2 was

33.3+16.0 (SEM, n = 5) in RME cells and 81.8-+16.4 (SEM,
n = 4) in RASMC. Thus, while the effects of All and PMA
on the levels of PAI-2 mRNA were comparable in RME cells,
the All effect was significantly less than the PMA effect in
RASMC (P < 0.5).

Dose response of All indicated that significant increases in
both PAI-I and PAI-2 mRNA levels were observed at 1 nM
All (P < 0.05), and a maximal effect was observed at 100 nM
All (Fig. 3). Pretreatment of the cells with 1 pM of the All
receptor antagonist Sar', Ile8-angiotensin inhibited the All-
stimulated expression of PAI-2 in RME cells (Fig. 3). A similar
dose response of All on PAI- and PAI-2 expression was ob-
served in RASMC (data not shown).

Role of the AT, and AT2 receptors in the All-stimulated
induction of PAI-I and PAI-2 expression in RME cells and
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Figure 2. Comparison of All-stimulated PAl- 1 and PAI-2 mRNA ex-
pression in RME cells and RASMC. Cultured vascular cells were stimu-
lated with 100 nM All or 160 nM PMA at 37°C for 2 h (RME cells)
or 4 h (RASMC). Northern blot analysis was performed using 32p_
labeled PAI-I or PAI-2 cDNA probe on 15 ,ug/lane of total RNA from
RME cells (A) and 20 p,g/lane RNA from RASMC (B). Results were
visualized and quantitated by Phosphorlmager (Molecular Dynamics,
Inc.) and are representative of at least three separate experiments. Maxi-
mal All- and PMA-stimulated expression of PAI-1 (open bars) and
PAI-2 (solid bars) at 2 h in RME cells and 4 h in RASMC was expressed
as the fold increase (mean+SEM, n = 3-6) compared to mRNA levels
in the unstimulated cells in C.

RASMC. The role of All receptor isoforms (reviewed in refer-
ence 37) were examined with the AT, antagonist DuP 753 and
AT2 antagonist PD123319. Cells were pretreated with 30 nM
to 1 ,utM of these antagonists for 15 min and then stimulated
with 100 nM All as described in Fig. 2. Northem blot analysis
ofRNA from these cells revealed that DuP 735 was significantly
more effective than PD123319 in inhibiting All stimulation of
both PAI-1 and PAI-2 mRNA expression in both cell types.
The AT2 antagonist PD123319 did not significantly block All-
induced PAI-I and PAI-2 expression in either cell type. All-
stimulated PAI-2 expression was significantly inhibited by 100
nM and higher concentrations of DuP 735 (Fig. 4, A and B).
At 1 ,uM DuP 735 the All-stimulated levels of PAI-2 mRNA
were decreased by 91.2+0.8% (±SEM, n = 3) in RME cells
and 98.4±2.5% (±SEM, n = 3) in RASMC. All-stimulated
PAI-1 expression was also significantly inhibited at 300 nM

0 0.1 1.0 10 100 100 nM All
- - - - - 1 1tM Saralasin

Figure 3. Dose response and effect of saralasin on All-stimulated PAI-
1 and PAI-2 mRNA expression. RME cells were stimulated for 2 h
with the indicated concentrations of All in the absence or presence of
1 MM saralasin. RNA was isolated from these cells, and PAI-I (solid
bars) and PAI-2 (hatched bars) mRNA expression was examined by
Northem blot analysis against 10 ,ug/lane of total RNA. Results were
quantitated by PhosphorImage (Molecular Dynamics, Inc.) and ex-
pressed as a percentage of the mRNA levels observed in the presence
of 100 nM All. Data are presented as the mean+SEM for three experi-
ments. All significantly increased PAl- I and PAI-2 mRNA at concentra-
tions of I nM and higher (P < 0.05).

and 1 ,uM DuP 753; however, PAI-I mRNA levels were only
reduced by 34.1+6.5 to 50.1+14.1% (+SEM, n = 3) at I ,uM
DuP 735 (Fig. 4, C and D).

Analysis of All-stimulated PAI-I protein and PAI activity
releasedfrom RASMC and RME cells. The effect of All stimula-
tion on the PAI-I levels in the conditioned culture medium
from RASMC and RME cells was examined to determine if the
increase in PAI- 1 mRNA correlated to an elevated level of PAI-
1 release from these cells. Conditioned medium was collected
from cells after a 30-h incubation that included up to a 24-h
stimulation with 100 nM All. The medium was concentrated
and PAI- 1 levels were measured by immunoblot analysis. The
molecular weight of PAI-1 from these cells was 52 kD, which
agrees with previous reports (38). In the absence of All-stimu-
lation, RME cells did not release a detectable amount of PAI-
1 (Fig. 5 A). However, an increasing level of PAI-1 was ob-
served in the culture medium from RME cells stimulated with
All foLi 4, 6, and 24 h. For RASMC, PAI-l was observed in
the medium from control cells, and an increase in PAI- I was
also observed after 6 and 24 h of All stimulation. Fig. 5 B shows
that the PAI-I level in the medium from RASMC stimulated
for 24 h with All was significantly greater than that from the
unstimulated control and from the All-stimulated RME cell (P
< 0.05).

The PAI activity in the culture medium from control and
All-stimulated cells was examined. PAI activity was measured
in the conditioned medium from control cells and cells stimu-
lated with All for 24 h. A significant level of PAI activity was
not detected in the culture medium from control RME cells;
however, the medium from AII-stimulated cells contained
3.90 0 14 (+SD, n = 3) IU of PAI activity (Fig. 6). For
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Figure 4. Effect of AT, and AT2 antagonists on All-induced PAI-i and PAI-2 mRNA expression. RME cells (A and C) and RASMC (B and D)
were pretreated with the indicated concentrations of DuP 735 and PD123319 for 15 min, and stimulated with 100 nM All for 2 h (A and B) or 4
h (C and D). PAI-2 (A and B) and PAI-1 (C and D) mRNA expression was determined by Northern blot analysis, and results from three experiments
were quantitated using a Phosphorlmager (Molecular Dynamics, Inc.) and normalized to 36B4 mRNA levels. Significant inhibition at the indicated
concentrations of antagonist are indicated as **P < 0.01 and *P < 0.05.

RASMC, All stimulation significantly increased PAI activity
in the culture medium from 1.86±0.53 to 38.1±2.89 IU (SD,
n = 3, P < 0.01). These PAI activity results are comparable
with the immunoreactive PAI-I levels shown in Fig. 5.

AII stimulation ofPAI-2 expression requires both PKC and
tyrosine kinase activity. Previous studies have demonstrated that
the activation of the AT, receptor in vascular cells leads to the
G protein-mediated activation of phospholipase C, increased
levels of diacylglycerol, and the activation of PKC (39, 40).
This All-stimulated signaling mechanism has been shown to

mediate the increase in endothelin- 1 mRNA expression in mac-
rovessel endothelial cells and cardiomyocytes ( 1, 41).

The signal transduction mechanism involved in the All-
stimulated increase in PAI-2 expression was investigated. The
direct activation of PKC with PMA increased PAI-2 expression
33.3±+16.0- and 81.8±16.4-fold in RME cells and RASMC,
respectively. This is consistent with previous reports that have
demonstrated that PKC increases the transcription of PAI-2 via
two AP1 binding sites located in the 5 ' flanking promoter region
of the gene (35). The role of PKC in the AII stimulation of
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TFigure 5. Immunoblot analysis of PAI-I levels in the culture
I | medium. RME cells and RASMC were incubated in DMEM

I without phenol red for 30 h and stimulated with 100 nM All
T " " ~~for the times indicated. Conditioned medium was collected,

concentrated by trichloroacetic acid precipitation, and sepa-
rated by SDS-PAGE. PAI-I was immunoblotted with a rabbit
anti-rat PAI-i polyclonal antibody followed by '25I-labeled

0 protein A. A representative blot is shown in A. In B, data
from three experiments were quantitated by PhosphorImager
(Molecular Dynamics, Inc.), normalized to cellular protein,
and expressed as (mean±SEM) of the fold change from the
PAI-l levels in the medium of unstimulated RME cells. Sig-

6 24 th nificant differences in PAI-I levels from the control and All-
stimulated cultures were determined by the Student's t test

1NASVC and indicated as *P < 0.05.

PAI-2 was examined in cells treated with bisindolylmaleimide
(GF 109203X), a staurosporine analogue and a highly selective
inhibitor of PKC (42). Fig. 7, A and C, shows that this PKC
inhibitor could completely block the PMA-stimulated increase

60

q)

C)

50

T40

20

10

0

Control AII

RME Cells

Control All

RSMC

Figure 6. AII-stimulated plasminogen activator inhibitor levels in condi-
tioned medium. Conditioned medium from control and All-stimulated
(24 h) RME cells and RASMC was generated as described in Fig. 5.
PAI activity was determined by preincubating these media with a tPA
standard and measuring tPA activity using a chromogenic substrate.
Results are the mean±SD from three experiments. All significantly
increased PAI activity in both cell types. * * P < 0.01.

in PAI-2 (Fig. 7 A, lanes g and h), and significantly reduce the
All effect by 68.8±11.1% (Fig. 7 A, lanes b and d) in RME
cells. The role of PKC in the All stimulation of PAI-2 was

also examined in RME cells that were PKC-downregulated by
prolonged pretreatment with PMA. Previously, we have shown
that PKC protein and activity can be downregulated in endothe-
lial cells after a preincubation with 800 nM PMA (43, 44).
This downregulation of PKC decreased the All-stimulated in-
duction of PAI-2 by - 80% (data not shown), confirming that
PKC is an important mediator of All-stimulated PAI-2 expres-
sion. However, the remaining 6.9+1.5-fold All stimulation of
PAI-2 expression in GF 109203X-treated RME cells, where
the PMA response is completely blocked (Fig. 7 C), indicates
that a PKC-independent pathway contributes to the All stimula-
tion of PAI-2 in these cells. In contrast, the effect of All on PAI-
2 expression in RASMC was completely blocked (98.6+2.8%
inhibition) by the inhibition of PKC with GF 109203X (Fig.
7, B and C), and this inhibition was significantly greater than
that observed in RME cells (P < 0.05).

Several reports have demonstrated that All can increase
protein tyrosine phosphorylation in glomerular mesangial cells
and smooth muscle cells (45, 46). We examined the effects of
AII, AVP, and PMA on tyrosine phosphorylation in RME cells.
Cells were serum starved for 18 h and then stimulated with 100
nM All or 160 nM PMA for 3 min. The cells were lysed in the
presence of protease and phosphatase inhibitors. Proteins were

separated by SDS-PAGE, and tyrosine phosphorylation was vis-
ualized by immunoblot analysis with polyclonal antiphospho-
tyrosine antibody. Fig. 8 shows that AII and PMA stimulated
the tyrosine phosphorylation of several proteins, with apparent
molecular weights of - 120, 110, and 70-80 kD. A similar
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Figure 7. Effect of PKC and tyrosine kinase inhibition on All- and
PMA-stimulated PAI-2 expression in RMC cells and RASMC. Northern
blot analysis with 32P-labeled PAI-2 probe (37G3A) was performed on:
(A) 10 ,g RNA from RME cells stimulated for 2 h as follows: (a)
unstimulated control, (b) 100 nM AII, (c) 100 nM All + 1 MM Sar',
Ile'-angiotensin, (d) 100 nM AII + 10 MM GF 109203X, (e) 100 nM
All + 6 Mg/ml genistein, (f ) 100 nM AH + GF 109203X + genistein,
(g) 160 nM PMA, (h) 160 nM PMA + 10 tuM GF 109203X, and (i)
160 nM PMA + 6 Htg/ml genistein, or (B) 20 isg RNA from RASMC
(a) incubated for 4 h in DMEM + 0.1% BSA alone or in the presence
of (b) 100 nM AII, (c) All + 10 MM GF 109203X, (d) AII + 6 ug/
ml genistein, (e) AII + GF109203 + genistein, (f ) 160 nM PMA, (g)
PMA + GF109203X, (h) PMA + genistein. Results were visualized
and quantitated with a Phosphorlmager (Molecular Dynamics, Inc.).
The blots shown are representative from three similar experiments. (C)
PAI-2 mRNA levels from both RME cells and RASMC were normalized
to 36B4 and expressed as a percentage of All- or PMA-stimulated PAI-
2 expression in the absence of inhibitors, mean±SD (n = 3). Significant
differences are indicated as *(P < 0.05).

pattern of All-, AVP-, and PMA-stimulated protein tyrosine
phosphorylation was observed with RASMC (data not shown).

The role of tyrosine phosphorylation in both the PKC-de-
pendent and -independent induction of PAI-2 mRNA was exam-
ined in cells pretreated with genistein, a specific tyrosine kinase
inhibitor (47). Genistein decreased both All- and PMA-stimu-
lated PAI-2 expression in RME cells by 82.1±3.9% and
70.9±16.4%, respectively (Fig. 7 C). Genistein also inhibited
the All- and PMA-stimulated increase in PAI-2 mRNA in
RASMC (Fig. 7 C). Treatment of RME cells with both GF

A I.

Con All AVP PMA

Figure 8. All-, AVP-, and PMA-stimu-

kDal lated protein tyrosine phosphorylation
in RME cells. RME cells were incu-

- 200 bated in culture medium containing

0.1% BSA for 18 h and then stimulated
for 3 min with either 100 nM AII, 100

- 116 nM AVP, or 160 nM PMA. Cells were
washed and lysed in a buffer containing

- 97 protease and phosphatase inhibitors,
and protein was separated by SDS-
PAGE. Immunoblot analysis was per-

- 66 formed with antiphosphotyrosine anti-
body and '25I-labeled protein A. Results
were visualized by autoradiography.
The blot shown is representative of four
independent experiments.

109203X and genistein inhibited the AII stimulation of PAI-2
expression by 97.3±2.8% (Fig. 7 C), and the level of PAI-2
mRNA in the presence of both of these inhibitors was not
significantly different than the level of the unstimulated control.
The 0.1% (vol/vol) dimethylsulfoxide carrier used to solubilize
these inhibitors did not significantly after PAI-2 expression (not
shown). These results suggest that tyrosine phosphorylation
may contribute to both the PKC-dependent and -independent
mechanisms of AII-stimulated PAI-2 mRNA expression in
RME cells. Similar results were obtained from mechanistic stud-
ies of the AII-stimulated expression of PAI- 1 mRNA in vascular
cells (data not shown).

Discussion

In this report, we have demonstrated that All is a potent stimula-
tor of PAM- 1 and PAI-2 expression in cultured vascular endothe-
lial and smooth muscle cells. The All-induced increases in PAl-
1 and PAI-2 mRNA levels were both rapid and of striking
magnitude. Comparison of these results to previous reports on
the hormone-regulated expression of PAl-I mRNA in vascular
cells (48-50) suggests that All is among the most potent stimu-
lators of plasminogen activator inhibitor expression in vascular
endothelial and smooth muscle cells. Dose response studies
demonstrated that a significant induction of PAI-I and PAI-2
mRNA levels were observed at a physiological concentration
of AII (1 nM), and its maximal effect at between 10 and 100
nM was similar to or lower than other All actions that have
been reported (1, 3, 6, 7, 40). The maximal All stimulation of
PAI-I and PAI-2 mRNA expression at 100 nM AII was inhib-
ited with DuP 735, demonstrating that the AT1 receptor isoform
mediated these increases. Since the renin-angiotensin system
may generate high local concentrations of All due to its auto-
crine/paracrine production (51), the induction of PAI-I and
PAI-2 in endothelial and smooth muscle cells was studied at
the maximal All stimulation. The kinetics and relative magni-
tudes of the All-induced expression of PAI-I mRNA in these
vascular cells corresponded to increases in PAI-1 protein and
PAI activity released to the medium. Interestingly, the All-
stimulated expression of PAl-I mRNA was consistently greater
in vascular smooth muscle cells than in endothelial cells, while
the reverse was true of AII stimulation of PAI-2 mRNA expres-
sion. These results suggest that the AII stimulation of these
cells may differentially regulate plasminogen activation.
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PAI-I and PAI-2 are the two major forms of plasminogen
inactivators that inhibit both tPA and uPA (52). PAI-I is the
major plasminogen inactivator in the plasma and the primary
inhibitor of tPA (52, 53). Overexpression of PAI-I in
transgenic mice increased venous occlusions, resulting in isch-
emia and necrosis in the digits and tail (54). Recent studies on
mice in which the PAI-I gene has been eliminated by homolo-
gous recombination demonstrated a small but significant in-
crease in fibrinolytic activity (55). The absence of a severe or
lethal increase in fibrinolysis in the homozygous mice with the
"PAI-I knockout" suggests that other plasminogen inactiva-
tors, such as PAI-2, are also important regulators of fibrinolysis.
Since All is a potent stimulator of both PAI- I and PAI-2 expres-
sion in microvessel endothelial cells and aortic smooth muscle
cells, these results suggest that All action in micro- and macro-
vasculature may impair fibrinolysis and possibly contribute to
thrombus formation.

While PAI-2 can also inhibit tPA and fibrinolysis, it prefer-
entially inactivates uPA and is primarily associated with cell
surface receptors and with the extracellular matrix (52). The
role of uPA is primarily the regulation of extracellular matrix
tumover involved in cell migration and tissue remodeling (52).
Since PAI-2 is a rapid and irreversible inhibitor of uPA (38),
the All-stimulated increase in PAI-2 expression in the endothe-
lium would be expected to impair extracellular matrix proteoly-
sis and cell migration. This is consistent with previous studies,
which have shown that ACE inhibitor treatment of vascular
endothelial cells increased uPA levels and activity, and this
increase in uPA activity correlated with an increase in endothe-
lial cell migration (24, 25). Thus the induction of uPA by ACE
inhibition and the stimulation of PAI-2 by All suggests that
the angiotensin system can reduce plasminogen activation in
vascular endothelial cells via at least two mechanisms. In con-
trast, All stimulates both uPA levels (24) and PAI-2 expression
in aortic smooth muscle cells. The All-stimulated increases in
both uPA and PAI-2 may suggest that the level of uPA activity
in vascular smooth muscle is regulated by the autocrine produc-
tion of PAI-2. Moreover, these results demonstrate that there
are significant differences in both All signaling and All regula-
tion of the PAI system in vascular endothelial and smooth mus-
cle cells.

The demonstration that All increases PAI-1 and PAI-2 ex-
pression in vascular cells may suggest that the renin-angioten-
sin system regulates PAI expression in the vasculature. This
hypothesis would be consistent with studies that have shown
that All infusion in control subjects increases PAI-1 levels in
the plasma (26), and that ACE inhibitors reduce recurrent myo-
cardial infarction in patients with left-ventricular dysfunction
(21, 22). Further studies are necessary to determine if treatment
with ACE inhibitors alters the expression of the plasminogen
system and the regulation of fibrinolysis in the vasculature.

Analysis of the signal transduction pathway involved in the
regulation of PAI-2 in vascular cells indicated that a PKC-
dependent mechanism mediated most or all of the All-stimu-
lated PAI-2 expression in RME cells and RASMC, respectively.
This was expected since the vascular All receptor (AT,) has
been shown to be coupled to the hydrolysis of phosphoinositol
and the activation of PKC (39, 40). However, further analysis
and comparison of the All-stimulated expression of PAI-2 in
these vascular cells revealed two novel results. First, the All-
and PMA-stimulated expression of PAI-2 requires tyrosine

phosphorylation in both RME cells and RASMC. All- and
PMA-stimulated protein tyrosine phosphorylation in RME cells
was shown by immunoblot analysis. This tyrosine phosphoryla-
tion is similar to the AVP, All, PMA, and endothelin-l -stimu-
lated phosphorylation that has been demonstrated in smooth
muscle cells and in glomerular mesangial cells (45, 46, 56).
The tyrosine kinase inhibitor genistein significantly decreased
both All- and PMA-stimulated PAI-2 expression in both
RASMC and RME cells. Tyrosine kinase inhibitors have been
shown to block the endothelin-l-stimulated induction of c-
fos and activation of AP-1 cis-element activity in glomerular
mesangial cells (51). Since Cousins et al. (35) have shown
that two AP-1 binding sites in the 5' flanking region of the PAI-
2 promoter are required for the PKC-stimulated transcription of
PAI-2, this effect of tyrosine kinase inhibition by genistein may
also apply to the PKC-dependent mechanism of All-stimulated
PAI-2 expression. Second, in addition to the PKC-dependent
mechanism of All-stimulated PAI-2 expression that is observed
in both RME cells and RASMC, All also stimulates a PKC-
independent pathway that increases PAI-2 mRNA in RME cells.
This PKC-independent pathway is defined as the All-stimulated
increase in PAI-2 mRNA that occurs in the presence of the
specific PKC inhibitor, GF 109203X. The effectiveness of this
inhibitor is demonstrated by the complete inhibition of the
PMA-stimulated PAI-2 expression in both RME cells and
RASMC. GF 109203X also completely blocks the All-stimu-
lated increase in PAI-2 mRNA in RASMC, indicating that this
inhibitor can also block the activation of PKC by endogenously
generated diacylglycerol. The PKC-independent pathway ac-
counts for approximately 30% of the total All effect in RME
cells and corresponds to an - sevenfold increase in PAI-2 ex-
pression. The inhibition of the PKC-independent pathway by
genistein suggests that this pathway also involves tyrosine phos-
phorylation. This PKC-independent pathway in RME cells may
contribute to the greater effectiveness of All in the stimulation
of PAI-2 mRNA in RME cells compared to RASMC.

In summary, we have shown that All is a potent stimulator
of PAI-I and PAI-2 mRNA expression in both vascular endo-
thelial and smooth muscle cells. The All-stimulated expression
of PAI-l is greater in smooth muscle cells, and the expression
of PAI-2 is greater in endothelial cells. The increases in PAI-
1 mRNA correlate with increased levels of PAI-I protein and
PAI activity released to the medium. These All effects in the
vascular cells are mediated via the AT, receptor. Studies of the
mechanism of All stimulation of PAI-2 expression in these two
vascular cell types demonstrated a role for both PKC and a
protein tyrosine kinase, and, in addition, revealed the presence
of a PKC-independent pathway in endothelial cells. Thus the
stimulation of PAI-1 and PAI-2 expression by All may have
important physiological significance to the vascular complica-
tions associated with hypertension and the treatment of vascular
diseases with ACE inhibitors.
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