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Abstract

The regulation of type 1 plasminogen activator inhibitor (PAI-
1) gene expression was studied in vivo employing a murine
model system. Nuclease protection analysis revealed relatively
high concentrations of PAI-1 mRNA in the aorta, adipose tis-
sue, heart, and lungs of untreated CB6 (BalbC X C57B16)
mice. Treatment of CB6 mice with LPS, TNF-a, or transform-
ing growth factor-8 (TGF-B) increased the steady-state levels
of PAI-1 mRNA within 3 h in all tissues examined. However,
the greatest responses to TGF-3 were observed in adipose tis-
sue and the kidney, while LPS and TNF-a strongly stimulated
PAI-1 gene expression in the liver, kidney, lung, and adrenals.
In C3H/HeJ mice, which exhibit defective TNF-a release in
response to LPS, the response of the PAI-1 gene to LPS was
severely attenuated. However, injection of these mice with
TNF-a increased PAI-1 mRNA in a tissue-specific pattern
strikingly similar to that observed in LPS-treated CB6 mice.
These results demonstrate that the PAI-1 gene is regulated in a
complex and tissue-specific manner in vivo, and suggest a role
for TNF-a in the response of the PAI-1 gene to sepsis. (J. Clin.
Invest. 1991. 88:1346-1353.) Key words: gene regulation « fibri-
nolysis » endotoxin » sepsis ¢ atherosclerosis

Introduction

Type 1 plasminogen activator inhibitor (PAI-1)! is a rapid and
specific inhibitor of both tissue- (t-PA) and urokinase- (u-PA)
type plasminogen activators (1), and may be the primary regula-
tor of plasminogen activation in vivo (2). Deficiencies in its
activity lead to accelerated fibrinolysis and bleeding (3, 4),
while abnormally high levels are frequently observed in condi-
tions where an increased risk of thrombosis exists. For exam-
ple, tenfold or greater elevations in PAI-1 activity have been
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detected in the plasma of patients with gram-negative sepsis
(5), and during the second and third trimesters of pregnancy
(6). Similarly, increases in PAI-1 have been documented in
patients with deep vein thrombosis (7, 8) and during acute
phase reactions after surgery (9, 10), trauma (10, 11), and myo-
cardial infarction (12).

Elevations in plasma PAI-1 levels may also be present in
individuals with metabolic disorders associated with the devel-
opment of atherosclerosis. Significant correlations have been
established between PAI-1 levels and obesity (13), noninsulin-
dependent diabetes (14), hyperinsulinemia (15), and hypertri-
glyceridemia (15, 16). Moreover, PAI-1 activity was shown to
be increased in patients with coronary artery disease (CAD)
(17), aithough no such relationship could be demonstrated
when hyperlipidemic or diabetic subjects were excluded from
consideration (18). These observations imply that elevations in
PAI-1 activity, in association with disorders of carbohydrate or
lipid metabolism, may contribute to the development of athero-
sclerosis and CAD (19), and may constitute a risk factor for
myocardial infarction (16, 20).

The mechanisms underlying these alterations in plasma
PAI-1 activity are largely unknown. In vitro, PAI-1 is synthe-
sized and secreted by a variety of cell types, including cultured
endothelial cells of arterial, venous, and microvascular origin,
as well as smooth muscle cells, kidney mesothelial and tubular
epithelial cells, lung fibroblasts, hepatocytes, and several trans-
formed cell lines (for review, see reference 2). Its synthesis in
cells is positively regulated by many agents. These include:
LPS, the toxic principle of gram-negative bacteria; the inflam-
matory cytokines interleukin 1 and TNF-a; growth factors
such as transforming growth factor-8 (TGF-B), basic fibroblast
growth factor, and epidermal growth factor; and hormones,
such as glucocorticoids and insulin. Many of these agents have
been shown to increase the accumulation of PAI-1 mRNA, and
to stimulate PAI-1 gene transcription (reviewed in references 2
and 21).

Despite these findings, little is known concerning the regula-
tion of PAI-1 biosynthesis in vivo. Here we demonstrate the
presence of relatively high concentrations of PAI-1 mRNA in
the aorta, adipose tissue, heart, and lungs of normal mice, im-
plicating these tissues as active sites of PAI-1 biosynthesis. We
show further that experimental administration of LPS leads to
an increased accumulation of PAI-1 mRNA in all tissues exam-
ined, consistent with its induction in vascular cells. A similar
tissue-specific response pattern is elicited by TNF-a, suggesting
that the response of the PAI-1 gene to sepsis may result in part
from increases in circulating TNF-a. Finally, we show that a
distinct pattern of PAI-1 gene expression is observed in re-
sponse to TGF-B, suggesting that the effects of this growth fac-
tor may be targeted to different cell types in vivo.



Methods

Experimental protocols. Adult male CB6 mice (BalbC/ByJ X C57B16/
J; Scripps Clinic Rodent Breeding Colony) or C3H/HeJ mice (Jackson
Laboratory, Bar Harbor, ME) weighing 25-30 g were employed for all
experiments. LPS (Escherichia Coli serotype 0111:B4; Sigma Chemi-
cal Co., St. Louis, MO) or recombinant human TNF-« (Boehringer
Mannheim, Indianapolis, IN) were diluted to the appropriate concen-
tration in 300 ul sterile saline (Baxter, Deerfield, IL) and injected intra-
peritoneally into mice anesthetized by inhalation of metofane (me-
thoxyflurane; Pitman-Moore, Mundelein, IL). In some experiments,
control mice were anesthetized and injected with an equivalent volume
of saline alone. Recombinant human TGF-g type 1, dissolved in 5 mM
HCI, was a generous gift of Berlex Biosciences, South San Francisco,
CA. The TGF-B was diluted into 300 ul saline and administered to
mice by intravenous injection in the tail vein. Control animals received
injections of an equivalent dilution of 5 mM HCI. At the conclusion of
experiments, mice were anesthetized by metofane inhalation and killed
by cervical dislocation. Tissues were rapidly removed by standard dis-
section techniques, minced, and immediately frozen in liquid nitrogen.

Preparation of RNA. Total RNA was prepared from frozen tissues
by the acid guanidium thiocyanate-phenol-chloroform method (22),
and its concentration was determined by sample absorbance at 260
nm. Average yields of total RNA per tissue were calculated based upon
yields from at least ten independent preparations.

Probes. Plasmids containing cDNA inserts derived from murine
PAI-1 ¢cDNA (23) or rat ribosomal rDNA (24) were obtained as kind
gifts from Dr. L. Diamond (DNX, Princeton, NJ) and Dr. L. Roth-
blum (Baylor College of Medicine, Houston, TX), respectively. For
nuclease protection assays, a 0.5-kb antisense PAI-1 RNA probe, com-
plementary to 445 nucleotides (nt) of the 5’ region of mouse PAI-1
mRNA, was radiolabeled by in vitro transcription of the murine PAI-1
cDNA template in the presence of [a-3?PJCTP (> 3,000 Ci/mmol;
Amersham Corp, Arlington Heights, IL) and purified by preparative
electrophoresis on 6% polyacrylamide gels (25). For slot-blot hybridiza-
tions, the rat 18s rDNA probe was radiolabeled by the random primer
technique (26) employing [«-*2P]JdGTP (> 3,000 Ci/mmol; Amersham
Corp.).

Nuclease protection assay. To determine the PAI-1 mRNA concen-
tration in samples of total RNA, a ribonuclease protection assay (25)
was employed. Preparations of total RNA (10-20 ug) were resuspended
in 40 ul of hybridization buffer (40 mM PIPES, pH 6.4, 0.4 M NaCl,
1.25 mM EDTA, 80% vol/vol formamide) and 2.0 ul aliquots removed
for separate determination of 18s RNA content (see below). Hybridiza-
tion buffer (5.0 pl), containing 5.0 X 10° cpm probe and 1.2 pg of a
synthetic sense strand PAI-1 RNA control, was added to each total
RNA sample. The samples were then denatured at 85°C for 3 min and
hybridized at 45°C for a minimum of 8 h. After hybridization, samples
were incubated with 40 ug/ml ribonuclease A (Boehringer Mannheim)
and 2 ug/ml ribonuclease T1 (GIBCO BRL, Grand Island, NY) for 1 h
at 23°C and processed as described (25). For analysis of results, samples
were electrophoresed on 6% polyacrylamide sequencing gels. The gels
were fixed and dried by standard procedures and autoradiographed on
XAR-5 film (Eastman Kodak, Rochester, NY) at —80°C with intensi-
fying screens.

Quantitation of PAI-1 mRNA. The level of PAI-1 mRNA was quan-
titated either by densitometric analysis of protection assay autoradio-
grams, employing an LKB Ultroscan XL laser densitometer (LKB,
Bromma, Sweden), or by direct 8-scanning of dried gels, employing an
AMBIS radioanalytic imaging device (Automated Microbiology Sys-
tems, San Diego, CA). For densitometric analysis, the linear range of
measurement was established by comparing relative values from densi-
tometric scans (absorbance U/mm? peak area; 4U/mm?) with -scan-
ning results (cpm). The peak area defined by the 445-nt PAI-1 mRNA
protection fragment (see Fig. 1) typically contained 60—-80% of the total
radioactivity per lane when analyzed by 8-scanning.

To normalize for variability in sample loading, aliquots of protec-
tion assay samples were slot-blotted and hybridized to a 3?P-labeled rat
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18s rDNA probe as described (27). Relative values for 18s RNA con-
tent were obtained for each sample by densitometric scanning of slot-
blot autoradiograms. To provide normalization factors for the estima-
tion of PAI-1 mRNA content (see below), the 18s values for each sam-
ple were divided by the mean 18s relative value for each experiment.

To determine the absolute amount of PAI-1 mRNA in each sam-
ple, a 96-nt synthetic PAI-1 RNA standard was synthesized by in vitro
transcription and purified by preparative electrophoresis on a 6% poly-
acrylamide sequencing gel. Identical amounts (1.2 pg) of this standard
were added to each hybridization reaction to generate an 80-nt pro-
tected fragment corresponding to 1.0 pg PAI-1 RNA in each lane. The
quantity of full length (i.e., 3.2 kb) (23) murine PAI-1 mRNA was
estimated in relation to this standard as follows:

cpm (or AU/mm?) per 445-nt fragment
cpm (or AU/mm?) per 80-nt fragment

3.2kb
0.445 kb

= pg 445-nt fragment;

(pg 445-nt fragment) X = pg 3.2 kb PAI-1 mRNA;

mean 18s AU/mm?
18s AU/mm?

= pg 3.2 kb PAI-1 mRNA (normalized for variation in 18s RNA).

(pg 3.2 kb PAI-1 mRNA) X

The concentration of PAI-1 mRNA for each sample was expressed
as pg/ug total RNA assayed.

Results

To examine expression of the PAI-1 gene in vivo, total RNA
was extracted from tissues of adult male CB6 mice and the level
of PAI-1 mRNA determined by ribonuclease protection assay
(see Methods). Results from a representative animal are shown
in Fig. 1 A. PAI-1 mRNA was detected in all tissues examined,
although its concentration varied considerably. Relatively high
levels were apparent in aorta, adipose tissue, heart, and lung,
while intermediate levels were detected in muscle, adrenals,
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Figure 1. Tissue specificity of murine PAI-1 gene expression. (4) To-
tal RNA was prepared from the indicated tissues, and 10 ug was ana-
lyzed for PAI-1 mRNA content by ribonuclease protection assay (see
Methods). The 445-nt protection fragment derived from murine
PAI-1 mRNA is indicated. The autoradiogram was exposed for 10 d.
(B) The 18s ribosomal RNA content of each total RNA sample was
determined separately by slot-blot hybridization. The results were
quantitated by scanning densitometry and are presented beneath each
lane.
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Table I. Quantitative Analysis of PAI-1 Gene Expression
in Murine Tissues

ug total RNA? pg PAI-1 mRNA

Tissue PAI-1 mRNA* tissue tissue
Liver 0.021+0.007 8,745 184
Kidney 0.091+0.031 1,160 106
Heart 0.583+0.149 164 95
Lung 0.351+0.196 267 94
Adipose® 0.606+0.070 65 39
Testes 0.024+0.010 613 15
Brain 0.026+0.009 542 14
Thymus 0.048+0.028 179 9
Aorta 2.018+0.358 4 8
Spleen 0.019+0.007 337 6
Adrenals 0.079+0.020 19 1
Muscle' 0.180+0.102

PAI-1 mRNA concentrations for the indicated tissues were deter-
mined by analysis of ribonuclease protection assay results from three
adult male CB6 mice as described in Methods. * pg PAI-1 mRNA/ug
total RNA+SD. * Average of 10 or more preparations. ¢ Epididymal
fat pad. " Thoracic aorta. ' Skeletal muscle (hindlimb); total yield not
determined.

kidney, and thymus. Low levels were present in liver, spleen,
gut, brain, and testes. To assess for variation in RNA loading,
the 18s ribosomal RNA levels of each sample were determined
separately by slot-blot hybridization (see Methods), and are
shown in Fig. 1 B.

To determine the average concentration of PAI-1 mRNA

in the various tissues, multiple animals were analyzed as in Fig. .

1. The amount of PAI-1 mRNA in total RNA samples from
each tissue was then determined by direct comparison to a
synthetic RNA standard (see Methods), and its concentration
expressed as pg/ug total RNA (Table I). While some variation
was noted between animals, a pattern of gene expression con-
_sistent with that depicted in Fig. 1 was revealed. The aorta
contained the highest concentration of PAI-1 mRNA (2.018
pe/ung total RNA), followed by adipose tissue (0.606 pg/ug),

heart (0.583 pg/ug), and lung (0.351 pg/ug). Considerably
lower concentrations were detected in the liver (0.021 pg/ug),
kidney (0.091 pg/ug), and other tissues.

The average yield of total RNA was determined for each
tissue and employed to calculate its specific PAI-1 mRNA con-
tent (i.e., the total amount of PAI-1 mRNA within the tissue as
a whole). The highest amounts of PAI-1 mRNA were present
in the liver and kidney, due to the greater total RNA content of
these organs (Table I). Relatively high amounts of PAI-1
mRNA were also present in the heart and lung, which con-
tained much lower yields of total RNA, but higher concentra-
tions of PAI-1 mRNA. Intermediate amounts of PAI-1 mRNA
were present in adipose tissue. However, this latter estimate
reflects only the PAI-1 mRNA content of epididymal fat, and
thus excludes the potential contribution of other murine fat
deposits (e.g., retroperitoneal or subcutaneous).

Treatment with LPS has previously been shown to increase
plasma PAI-1 activity in rabbits (5) and rats (28), as well as in
human volunteers (29). To assess the effect of LPS on murine
PAI-1 gene expression, mice were injected intraperitoneally
with 50 ug LPS (2.0 mg/kg) or with saline vehicle. Tissues were
removed 3 h later, and total RNA was prepared and analyzed
for PAI-1 mRNA as above. The results are presented in Fig. 2,
with the optimal autoradiographic exposure time shown for
each tissue (see legend to Fig. 2). Increases in PAI-1 mRNA
were detected in all 13 tissues examined, although the extent of
induction varied considerably. Quantitative analysis of data
from two replicate experiments was performed employing a
B-scanning device (Table II). The greatest fold induction oc-
curred in the liver (305-fold), followed by the kidney (93-fold),
lung (74-fold), and adrenals (28-fold). Increases of 10-fold or
less were observed in all other tissues.

To evaluate the time course of this response, mice were
injected with SO ug LPS and selected tissues (liver, kidney,
heart, and lung) were removed at 1, 3, 8, and 24-h intervals.
The PAI-1 mRNA concentrations for these tissues were then
determined as above. For each tissue, a detectable increase was
observed within 1 h (Fig. 3). Maximal induction was apparent
by 3 hin the kidney, heart, and lung, and decreased to 40-60%
of maximal levels by 8 h. In contrast, the liver appeared to
respond to LPS more slowly, and did not reach the maximal

Figure 2. Induction of
murine PAI-1 mRNA by
£ LPS. Mice were injected
3 intraperitoneally with ei-
_ ther saline (—) or saline
containing 50 ug LPS (+).

Brain
Testes
Adrenals

7y

XA V74 YV A 3 ) 24

The animals were killed

3 h later and total RNA
was prepared from the
indicated tissues and ana-
lyzed for PAI-1 mRNA
by ribonuclease protec-
tion assay. The protection
fragment corresponding
to PAI-1 mRNA (445 nt)
is indicated. The 18s ri-
7% bosomal RNA content of
each sample is shown in

18s RNA

the histogram beneath each lane, with the relative values for control lane samples arbitrarily equalized to 1.0. Autoradiographic exposure times
were varied between tissues to permit optimal visualization of control and induced signals, and were as follows: liver, kidney, heart, lung, and
adipose, 1 d; adrenals, 2.5 d; spleen, thymus, muscle, brain, and aorta, 5 d; gut, and testes, 2 wk.
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Table 1I. Comparison of PAI-1 mRNA Induction by LPS, TNF-e,
and TGF-B

Tissue +LPS +TNF-a +TGF-8
Liver 305 26 7
Kidney 93 15 27
Heart 4 2 9
Lung 74 21 7
Spleen 8 5 6
Thymus 6 4 ND
Adipose 7 9 36
Muscle 5 5 9
Adrenals 28 27 ND
Aorta 9 ND ND

CB6 mice were injected with either 50 ug E. Coli 0111:B4 LPS, 4.0 ug
recombinant human TNF-a, 3.0 ug recombinant human TGF-g, or
the appropriate vehicle, and tissues were removed for RNA analysis
3 hlater. PAI-1 mRNA levels were quantitated by either S-scanning
(LPS, TNF-a) or densitometric analysis (TGF-g) as described in
Methods. Autoradiographic signals employed for densitometric anal-
ysis were within the linear range of measurement as established by
control experiments. Fold induction values given represent the aver-
age of two experiments.

level until ~ 8 h. The levels of PAI-1 mRNA remained signifi-
cantly elevated in each tissue at 24 h after treatment.

The dose dependency of the response to LPS was then exam-
ined. CB6 mice were injected with doses of LPS ranging from
0.005-50 ug (0.2 ug-2.0 mg/kg), and the liver, kidney, heart,
and lung were removed 3 h later for analysis. Although PAI-1
mRNA increased in each tissue in a dose-dependent manner
(Fig. 4 A), significant differences in sensitivity were evident.
For example, at the minimal dose tested (5.0 ng LPS), a 24-fold
increase was observed in the liver, while lesser responses were
observed in the kidney (3.7-fold increase) and lung (2.6-fold
increase). PAI-1 mRNA levels in the heart did not increase at
this dose. In fact, the heart displayed only a modest increase
(1.5-2.1-fold), even when doses of 50-500 ng were employed.
At the highest dose tested (50 ug), the concentration of PAI-1
mRNA in the heart, kidney, and liver rose to 2.5-4.0 pg/ug
total RNA. In contrast, the concentration of PAI-1 mRNA in
the lung rose to 33.5 pg/ug at this dose, nearly 10-fold higher
than in the other tissues.

C3H/HeJ mice exhibit greatly decreased sensitivity to the
toxic effects of LPS. This behavior appears to result from a
defect in LPS signal transduction in these animals (30). To
assess the role of this signal transduction pathway in the re-
sponse of PAI-1 mRNA to LPS, C3H/HeJ mice were injected
with increasing amounts of LPS (0.005-50 ug). The mice were
killed at 3 h postinjection and the concentration of PAI-1
mRNA in liver, kidney, heart, and lung was determined as
above. In most instances, little change was evident in PAI-1
mRNA levels at doses below 500 ng LPS (Fig. 4 B), a dose that
resulted in pronounced increases in these tissues in CB6 mice
(Fig. 4 A). Even at the highest doses employed, relatively mini-
mal increases in PAI-1 mRNA were observed in C3H/HeJ
mice (Fig. 4 B).

These results indicate that the signaling deficit in C3H/HeJ
mice attenuates the response of the PAI-1 gene to LPS. Because
the LPS-mediated release of TNF-a is a primary event in the
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induction of septic shock (31), and this response is attenuated
in C3H/HeJ mice (30), we evaluated the response of the PAI-1
gene to TNF-« itself. Recombinant human TNF-« (0.16 mg/
kg) was administered to either CB6 or C3H/HeJ mice by intra-
peritoneal injection, and the tissues were removed 3 h later for
analysis. A response qualitatively similar to that of LPS was
observed in CB6 mice (Fig. 5 4, compare to Fig. 2). (Note
variation in autoradiographic exposure times in Fig. 2.) The
highest concentrations of PAI-1 mRNA after treatment with
TNF-a were detected in the lung. In addition, strong responses
were observed in the liver and kidney (Fig. 5) and adrenals (not
shown). Nearly identical responses were evident in C3H/HeJ
mice (Fig. 5 B), indicating that the signaling defect in these
animals does not extend to TNF-ca. The fold induction of PAI-
1 mRNA in response to TNF-a was determined by 8-scanning
and is compared with that of LPS in Table II.

TGF-8, a multifunctional polypeptide present in platelets
(32), is also present in monocytes, and is released from mono-
cytes in response to LPS (33). TGF-8 stimulates PAI-1 gene
expression in a variety of cultured cell types (2), and experimen-
tal infusion of TGF-8 was recently shown to increase plasma
PAI-1 activity in rabbits (34). To examine the effect of TGF-8
on murine PAI-1 gene expression, CB6 mice were injected in-
travenously with recombinant human TGF-8 (0.12 mg/kg) or
with saline vehicle. The mice were killed 3 h later and their
tissues removed for analysis. As shown in Fig. 6, TGF-8 admin-
istration increased the level of PAI-1 mRNA in all tissues exam-
ined. However, in contrast to LPS and TNF-«, the strongest
responses to TGF-8 were observed in adipose tissue and kid-
ney, while considerably less induction of PAI-1 mRNA was
observed in the liver and lung. (Note the use of a shorter autora-
diographic exposure time for adipose tissue in Fig. 6.) Similar
results were obtained in C3H/HeJ mice (data not shown), indi-
cating that the effects of TGF-8 were not due to contamination
by LPS. The fold induction of PAI-1 mRNA by TGF-8 was
determined by densitometric scanning and is compared with
that of LPS and TNF-« in Table II.

Discussion

In the studies described here, we have employed a murine
model system to examine the expression of PAI-1 mRNA in
vivo. Nuclease protection analysis of total RNA extracted from
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Figure 3. Time course of induction of PAI-1 mRNA by LPS. Mice
were injected intraperitoneally with 50 ug LPS, the tissues were re-
moved at the indicated times, and total RNA was prepared. The con-
centration of PAI-1 mRNA was determined by quantitative analysis
of ribonuclease protection assay results employing a $-scanning de-
vice (see Methods). Each time point represents the mean of two ex-
periments. Note that the scale employed for the liver, kidney, and
heart (left) differs from that employed for the lung (right).
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Figure 4. Dose dependency of induction of PAI-1 mRNA by LPS in
CB6 and C3H/HeJ mice. CB6 (4) or C3H/HeJ (B) mice were injected
intraperitoneally with saline alone as the control (0 dose), or with
saline containing increasing amounts of LPS. Tissues were removed
3 h later for preparation of total RNA, and the concentration of PAI-1
mRNA was determined employing a $-scanning device (see Meth-
ods). Values represent the mean of two experiments. Note that the
scale employed for liver, kidney, and heart (right) differs from that
employed for the lung (leff).

murine tissues (Fig. 1) revealed PAI-1 mRNA to be present in
all tissues examined. However, its concentration varied by over
100-fold (Table I). Relatively high concentrations were de-
tected in aorta, heart, lung, and adipose tissue, while lower
concentrations were found in kidney, liver, and many other
tissues. More limited studies on the tissue distribution of PAI-1
mRNA have been performed in rats (35) and humans (36). In
rats, PAI-1 mRNA was detected predominantly in the lung.
Lower levels were observed in the heart, while PAI-1 mRNA
was undetectable in skeletal muscle, liver, and kidney. In hu-
man tissues, PAI-1 mRNA was relatively abundant in myocar-
dium. However, in contrast to murine liver (Table I) or rat liver
(35), high message levels were also detected in human liver.
This discrepancy may reflect interspecies differences, or possi-
ble abnormalities (e.g., acute phase reactions) in the surgical
specimens of human liver employed for analysis.

To assess the potential contribution of murine tissues to
plasma PAI-1 synthesis, their total PAI-1 mRNA content was
calculated (Table I). While the liver contained very low con-
centrations of PAI-1 mRNA (0.021 pg/ug total RNA), it exhib-
ited the highest PAI-1 mRNA content (184 pg), because of its
greater yield of total RNA relative to other tissues. However,
murine kidney, heart, and lung also contained significant
amounts of PAI-1 mRNA (94-106 pg). The PAI-1 mRNA con-
tent of other tissues (e.g., aorta, adipose tissue, or skeletal mus-
cle) could not be estimated in full, because, these tissues were
not extracted in their entirety. Nonetheless, the apparently
high biosynthetic capacity of nonhepatic tissues for PAI-1 (Ta-
ble I) and the widespread expression of PAI-1 mRNA in mu-
rine tissues (Fig. 1) suggests that plasma PAI-1 may originate
from multiple tissues in vivo.

The highest concentrations of murine PAI-1 mRNA (> 2
pg/ug) were detected in the aorta, consistent with observations
that PAI-1 is a major biosynthetic product of cultured bovine
aortic endothelial cells (37) and smooth muscle cells (38).
Newly synthesized PAI-1 is deposited into the extracellular ma-
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trix of these and other cell types (39-41), where it may protect
matrix components from proteolysis by limiting plasmin gener-
ation. These observations suggest that PAI-1 may be deposited
in vivo within the aortic subendothelium or media, where it
may function to preserve the integrity of connective tissue ele-
ments, including fibrillar collagen (42). However, the presence
of PAI-1 within aortic tissues has yet to be demonstrated, and
the identity of the cell types expressing PAI-1 mRNA remains
to be established. Interestingly, PAI-1 mRNA was recently lo-
calized by in situ hybridization to mesenchymal-appearing
cells within human atherosclerotic plaques (43). The synthesis
of PAI-1 by these cells has been postulated to contribute to the
development of atherosclerosis (19).

Obesity is an independent risk factor for the development
of atherosclerosis and cardiovascular disease (44), and is asso-
ciated with related metabolic disorders such as hypertriglyceri-
demia (45), hyperinsulinemia, and noninsulin-dependent dia-
betes (46). In obese humans, elevations in plasma PAI-1 levels
appear to correlate with insulin (13, 15). Insulin has been re-
ported to stimulate PAI-1 production by cultured human he-
patocytes (47), suggesting that increased hepatic synthesis of
PAI-1 may account for its elevation in obese subjects. How-
ever, analysis of total RNA prepared from murine tissues (Fig.
1) revealed that high concentrations of PAI-1 mRNA are pres-
ent in the epididymal fat pad, a large mass of adipose tissue
present in the abdominal cavity. In the animals employed for
this study, the PAI-1 mRNA content of epididymal fat was
approximately one-fifth that of the liver (Table I). In obese
animals, the mass of this tissue typically increases severalfold,
in which case its biosynthetic capacity for PAI-1 would be ex-
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Figure 5. Induction of PAI-1 mRNA by TNF-a. CB6 (4) or C3H/HeJ
(B) mice were injected intraperitoneally with either recombinant hu-
man TNF-a (4.0 ug) in saline (+), or saline alone (—), and the indi-
cated tissues were removed at 3 h postinjection. Total RNA was pre-
pared and 10 ug (3.9 ug for adipose tissue) was analyzed for PAI-1
mRNA content by ribonuclease protection assay. The protection
fragment corresponding to PAI-1 mRNA (445 nt) is indicated. The
minor band migrating slightly above this fragment represents incom-
pletely digested probe and does not correspond to PAI-1 mRNA. The
autoradiograms were exposed for (4) 3d and (B) 1 d.
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Figure 6. Induction of PAI-1 mRNA by TGF-B. Mice were injected
intravenously with either recombinant human TGF-g (3.0 ug) in sa-
line (+), or saline vehicle (—), and the tissues were removed at 3 h
postinjection. Total RNA was prepared and analyzed for PAI-1
mRNA content by ribonuclease protection assay. The protection
fragment corresponding to PAI-1 mRNA (445 nt) is indicated at the
right. Exposure times were varied between tissues to permit optimal
visualization of control and induced signals, and were as follows: adi-
pose, 1.5 d; all other tissues, 5 d.

pected to rival that of the liver. These observations raise the
possibility that elevations in plasma PAI-1 levels associated
with obesity may result from the constitutive synthesis of PAI-
1 in adipose tissue.

Plasma PAI-1 levels can be dramatically increased in pa-
tients with gram-negative sepsis and disseminated intravascu-
lar coagulation (5). As a model of gram-negative sepsis, LPS
was administered to mice by intraperitoneal injection. As
shown in Fig. 2, LPS treatment resulted in the increased accu-
mulation of PAI-1 mRNA in each of 13 tissues examined. The
extent of this response varied considerably between tissues. In
particular, LPS treatment led to a profound stimulation of
PAI-1 mRNA in the liver, kidney, lung, and adrenals. Of these
tissues, the greatest induction of PAI-1 mRNA (> 300-fold)
was observed in the liver, which also exhibited enhanced sensi-
tivity to the effects of LPS (Fig. 4). These results may reflect the
rapid uptake of LPS by hepatic cells, and its increased concen-
tration in the liver relative to other tissues (48, 49). However,
kinetic analysis revealed the liver responded more slowly to
LPS than other tissues, exhibiting maximal levels of PAI-1
mRNA at ~ 8 h after LPS treatment, while maximal responses
were evident at 3 h in the kidney, heart, and lung (Fig. 3).
Because previous investigations have shown that plasma PAI-1
activity consistently reaches a maximum at 4 h after LPS chal-
lenge in rats (35), rabbits (5), and man (50), the data shown in
Fig. 3 suggest that the synthesis of PAI-1 in nonhepatic tissues
may be the primary determinant of circulating PAI-1 levels in
sepsis. However, because of its high biosynthetic capacity for
PAI-1, the liver may also contribute substantially to changes in
the plasma PAI-1 pool.

Many of the toxic effects of LPS have been attributed to the
actions of TNF-a, which is released by cells of monocytic lin-
eage in response to LPS (31). TNF-a suppresses the fibrinolytic
activity of endothelial cells by modulating PAI-1 and t-PA pro-
duction (51, 52), and has been shown to increase plasma PAI-1
levels in rats (52) and human cancer patients (53). Here we
report that injection of TNF-« into mice markedly stimulates
the accumulation of PAI-1 mRNA, with a tissue-specific re-
sponse pattern qualitatively similar to that of LPS. Relatively
strong increases are elicited by both agents in the liver, kidney,
lung, and adrenals (Table II). Moreover, the peak response of
PAI-1 mRNA to LPS (3 h in most tissues) follows the peak of
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TNF-« activity in plasma, which occurs ~ 1 h after LPS injec-
tion (54). In C3H/HeJ mice, which exhibit an attenuated re-
sponse of TNF-a to LPS, the response of PAI-1 mRNA was
similarly attenuated (Fig. 4 B), while a robust response to TNF-
a was observed (Fig. 5 B). These results suggest that the effects
of LPS on murine PAI-1 gene expression are indirect, and are
mediated by TNF-a. However, in cultured endothelial cells,
LPS has been shown to directly increase PAI-1 mRNA levels
independent of de novo protein synthesis (27). We therefore
cannot exclude the possibility that the LPS signaling deficit in
C3H/HeJ mice also attenuates direct effects of LPS on PAI-1
gene expression in vivo.

TGF-B, which has been implicated in numerous biological
processes involving tissue remodeling and wound repair (32),
may also mediate the response of PAI-1 mRNA to LPS. In
vitro studies have shown that TGF-g stimulates PAI-1 biosyn-
thesis in a wide variety of cell types, including endothelial cells
(27), smooth muscle cells (55), fibroblasts (56), epithelial cells
(57), and several transformed cell lines, including hepatoma
cells (58). In vivo, TGF-g is present in platelets (32), peripheral
blood monocytes, and tissue macrophages (33), and is released
upon activation of these cells. Because experimental infusion
of TGF-B has been demonstrated to increase plasma PAI-1
activity in rabbits (34), we investigated the response of the mu-
rine PAI-1 gene to TGF-B. Injection of purified, recombinant
human TGF-g stimulated the accumulation of PAI-1 mRNA
in numerous tissues. Strong induction was observed in adipose
tissue and kidney (Fig. 6), while a relatively modest induction
was apparent in the liver and lung. In contrast, LPS and TNF-a
elicited strong responses in these tissues (Figs. 2 and 5). These
results indicate that TGF-8 exerts selective effects on PAI-1
gene expression distinct from those of LPS or TNF-«, and is
therefore unlikely to mediate the response of PAI-1 to LPS in
tissues such as the liver and lung. However, the responsiveness
of the PAI-1 gene to TGF-g in a wide variety of cultured cell
types, as opposed to the relatively limited specificity of LPS and
TNF-a (2), suggests that TGF-8 may promote PAI-1 synthesis
in additional cell types in vivo.

In previous studies, we have shown that LPS, TNF-«, and
TGF-B directly increase the steady-state level of PAI-1 mRNA
in cultured endothelial cells by stimulating PAI-1 gene tran-
scription (27). In this report, we have extended these observa-
tions to show that each of these agents increases PAI-1 mRNA
levels in a broad spectrum of murine tissues, consistent with its
increased expression in vascular cells. The action of these
agents may lead to local or systemic alterations in fibrinolytic
activity during gram-negative sepsis, inflammation, and throm-
bosis, and contribute to pathophysiologic fibrin deposition and
extracellular matrix accumulation in association with these
processes. Elucidation of the mechanisms regulating expres-
sion of the PAI-1 gene in vivo will enable further investigation
of its role in vascular disease.
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