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Abstract

The concentrations in blood of plasminogen activator inhibitor-1 (PAI-1), an inhibitor of fibrinolysis and proteolysis, are elevated in obese
and insulin-resistant subjects, predispose them to the risk of thrombosis, and may accelerate atherogenesis. Adipose tissue is a prominent
source. Accordingly, intracellular signaling pathways that may influence PAI-1 expression in adipocytes have been the focus of considerable
study. Rho, a small GTP binding and GTPase protein, when activated in turn activates its target, Rho-associated coiled-coil forming protein,
to yield an active kinase, Rho-kinase, an effector in the Rho pathway. Rho-kinase exerts calcium-sensitizing effects in vascular smooth
muscle cells and inhibitory effects on transforming growth factor-f (TGF-f) expression in chicken embryonic heart cells. Because TGF-f is
a powerful agonist of PAI-1 expression, we characterized the effects of inhibition of Rho-kinase in 3T3-L1 adipocytes. PAI-1 mRNA was
determined by Northern blotting, and PAI-1 protein was determined by Western blotting. The Rho-kinase inhibitor, Y-27632 [(R)-(+)-trans-
N-(4-pyridyl)-4-(1-aminoethyl)-cyclohexanecarboxamide], increased PAI-1 expression markedly. Although genistein, a flavonoid tyrosine
kinase, attenuated the increase of PAI-1 induced by Y-27632, other non-flavonoid tyrosine kinase inhibitors did not. However, another
flavonoid, daidzein, which lacks tyrosine kinase activity, decreased basal PAI-1 expression and attenuated the induction of PAI-1 expression
by Y-27632. Thus, the Rho/Rho-kinase system inhibits PAI-1 expression by a flavonoid-sensitive mechanism in adipocytes. Therefore,
flavonoids may be useful in decreasing elevated PAI-1 expression in adipose tissue and its consequent pathophysiologic sequelae.

© 2003 Elsevier Science Inc. All rights reserved.

Keywords: Adipocyte; Rho-kinase; Fibrinolysis; Thrombosis; Obesity; Flavonoid

1. Introduction

PAI-1 plays a pivotal role in fibrinolysis in blood and
proteolysis in tissues. It inactivates both tissue-type (t-PA)
and urokinase-type (u-PA) plasminogen activators irrever-
sibly [1-3]. An elevated concentration of PAI-1 in blood is
a marker and perhaps a major determinant of cardiovas-
cular risk and presages recurrent myocardial infarction and
postoperative deep vein thrombosis [4,5].

Elevated concentrations of PAI-1 are seen with insulin-
resistant states including type 2 diabetes and obesity, and
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are associated with an increased risk of thromboembolic
events. Adipocytes secrete PAI-1 and appear to contribute
to the elevated PAI-1 in blood seen under these conditions
[6-10].

We have shown previously that adipocytes stimulated
with TGF-f produce PAI-1 [11]. Small GTP-binding and
GTPase proteins, such as Rho family members, have been
shown to down-regulate TGF-B expression in chicken
embryonic heart cells. This pathway is involved in diverse
processes in a myriad of cell types [12] including cytos-
keletal reorganization [13,14] and transcriptional activa-
tion [15]. Its potential influence on PAI-1 expression is
controversial [16]. Rho-mediated responses depend on the
availability of geranylgeranylated Rho and its activation by
GTP loading. In cultured heart cells, HMGCoA reductase
inhibitors up-regulate TGF-f signaling and PAI-1 expres-
sion [17]. Small G protein Rho-associated coiled-coil
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forming protein kinase (Rho-kinase), an effector of acti-
vated Rho [18,19], inhibits myosin light chain phosphatase
[20,21], and alters the actin cytoskeleton [22]. Because of
its effects on TGF-P signaling in embryonic chicken heart
cells [17], we studied the effects of inhibition of Rho-kinase
on the expression of PAI-1 in adipocytes and characterized
the potential molecular mechanisms involved.

2. Materials and methods
2.1. Materials

3T3-L1 mouse preadipocytes were obtained from Dai-
nippon, and Dulbecco’s modified Eagle’s medium
(DMEM), isobutylxanthine, and tyrphostin 23 from Sigma.
Calf serum was purchased from HyClone; sheep anti-
mouse PAI-1 IgG from American Diagnostica;
GF109203X  (2-[1-(3-dimethylaminopropyl)-1H-indol-3-
yl]-3-(1H-indol-3-yl)-maleimide] from Tocris; and herbi-
mycin A from Alexis. Genistein and daidzein were
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obtained from Nakarai; PD 98059 (2'-amino-3’-methoxy-
flavone) and SB202190 [4-(4-fluorophenyl)-2-(4-hydroxy-
phenyl)-5-(4-pyridyl)-1H-imidazole] from Calbiochem:;
and Y-27632 27632 [(R)-(+)-trans-N-(4-pyridyl)-4-
(1-aminoethyl)-cyclohexanecarboxamide], an inhibitor of
Rho-kinase, from Welfide.

2.2. Cell culture

3T3-L1 preadipocytes were cultured in high glucose
(4500 mg/L) DMEM supplemented with 10% serum,
50 U/mL of penicillin and 50 pg/mL of streptomycin until
confluent. The medium was changed every 2 days. 3T3-L1
preadipocytes were converted from postconfluent 3T3-L1
preadipocytes to adipocytes as previously described [23].
In brief, the 3T3-L1 preadipocytes were stimulated with
0.25 uM dexamethasone, 0.5 mM 3-isobutyl-1-methyl-
xanthine, 0.9 uM insulin, and 20% serum for 48 hr. The
cells were then cultured with DMEM containing 0.9 uM
insulin and 20% fetal bovine serum for 5 days. They were
differentiated by day 7 and exhibited intracellular lipid
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Fig. 1. Effect of Y-27632, a specific inhibitor of Rho-kinase, on PAI-1 mRNA expression. (A, right panel) Well-differentiated 3T3-L1 adipocytes were
treated with Y-27632 (0-30 pM) for 12 hr. PAI-1 mRNA was detected by Northern blotting. Data demonstrate percent stimulation (means & SD) in three
independently performed experiments. Key: (*) P < 0.05 compared with control. (A, left panel) A representative Northern blot is shown. (B) Preadipocytes
were treated with Y-27632 (0 or 30 pM) for 12 hr. A representative Northern blot from three separate experiments is shown.
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Fig. 2. Effects of genistein, GF109203X, PD98059, and SB202190 on PAI-1 mRNA expression induced by Y-27632 in adipocytes. (A) A representative
Northern blot showing the effect of genistein (100 uM), GF109203X (2 uM) and PD98059 (30 uM) on PAI-1 mRNA expression induced by Y-27632
(30 uM). (B) A bar graph showing the effect of genistein (100 uM), GF109203X (2 uM) and PD98059 (30 uM) on PAI-1 mRNA expression induced by Y-
27632 (30 uM). Data demonstrate percent stimulation (means & SD) in three independently performed experiments. Key: (*) P < 0.05 compared with
control; and (+) P < 0.05 compared with Y-27632 (30 uM). (C) A bar graph showing the effect of SB202190 (4 pM) on PAI-1 mRNA expression induced by
Y-27632 (30 uM). A representative Northernern blot from three independently performed experiments is shown in the left panel.
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droplets. They were used after an additional 1-week incu-
bation.

2.3. Isolation of RNA and Northern blot analysis

Well-differentiated 3T3-L1 adipocytes were preincu-
bated for 24 hr in DMEM without serum followed by
stimulation with the Rho-kinase inhibitor, Y-27632, in
the presence or absence of GF109203X, PD98059,
SB202190, and genistein to identify signal transduction
components that may affect PAI-1 expression. RNA was
isolated with the use of the acid guanidinium thiocyanate-
phenol-chloroform method and separated by 1% agarose
gel electrophoresis. RNA was then transferred from the
gels to Hybond N nylon membranes (Amersham) and
immobilized by UV cross-linking. Blots were hybridized
with PAI-1 with the use of a radiolabeled specific cDNA
probe as previously described [11]. A housekeeping gene
probe, B-actin, was used as an internal control. Autoradio-
graphy was performed, and band intensities were quanti-
fied by densitometric analysis.

2.4. Western blotting

Concentrations of PAI-1 in conditioned medium were
determined with the use of Western blotting with antibody
specific for the antigen as described previously with mod-
est modifications [24]. Briefly, conditioned medium was
diluted 1:1 with reduced sample buffer (0.125 M Tris—HCI,
pH 6.8, 10% sucrose, 4% SDS, 10% 2-mercaptoethanol,
and 0.004% bromphenol blue), heated at 100° for 3 min,
cooled, and loaded on 8% polyacrylamide gels. Proteins
were electrophoresed for 60 min and transferred to poly-
vinylidene difluoride membranes that were then blocked
with 1% BSA and 0.1% Tween 20 in TBS (pH 7.4).
Membranes were washed with 0.5% BSA and 0.1% Tween
20 in TBS several times and incubated with 1% BSA and
0.1% Tween 20 in TBS with 2 pg/mL of sheep anti-mouse
PAI-1 IgG. Membranes were washed with 0.5% BSA and
0.1% Tween 20 in TBS several times and incubated with
alkaline phosphatase-conjugated goat anti-sheep IgG
diluted 1:5000 with 1% BSA and 0.1% Tween 20 in
TBS. Membranes were incubated with chemiluminescent
substrate and exposed to X-ray film. Bands on the devel-
oped film were quantified with the use of a densitometer.

2.5. Statistical analysis

Results are expressed as means = SD. Differences
between groups were tested with Student’s #-test for un-
paired data. A P value of <0.05 was regarded as significant.

3. Results

Well-differentiated 3T3-L1 adipocytes were used to
characterize the effects of Y-27632, a specific inhibitor
of Rho-kinase, on PAI-1 expression. The cells were
exposed to Y-27632 (1-30 uM) for 12 hr. PAI-1 mRNA
was detectable in untreated cells. Inhibition of Rho-kinase
by Y-27632 increased PAI-1 mRNA in a concentration-
dependent manner (113 =28% over control at 1 puM,
124 +29% at 10 uM, and 190 % 35% at 30 pM, respec-
tively) (Fig. 1A). By contrast, the PAI-1 signal at baseline
was faint in preadipocytes, and Y-27632 (30 uM) did not
affect PAI-1 mRNA expression in these cells (Fig. 1B).

The mechanism responsible for the increase in PAI-1
expression induced by Y-27632 was evaluated. Pretreat-
ment of adipocytes with a tyrosine kinase inhibitor (gen-
istein, 100 pM) attenuated the increase of PAI-1 mRNA
expression induced by 30 uM Y-27632 (72 £26% of
control) (Fig. 2A and B). By contrast, the protein kinase
C inhibitor GF109203X (2 uM) and the mitogen-activated
protein (MAP) kinase kinase inhibitor PD98059 (30 uM)
did not attenuate the increased PAI-1 expression induced
by inhibition of Rho-kinase by Y-27632 (30 uM). These
inhibitors had no effect on basal PAI-1 expression. Thus,
genistein appeared to inhibit the signaling pathway
unmasked by the effects of inhibition of Rho-kinase.
The p38 MAP kinase inhibitor SB202190 (4 uM) exerted
no effect on the increased PAI-1 mRNA expression
induced by the inhibition of Rho-kinase with Y-27632
(30 uM) (165 £ 87% of control, Fig. 2C).

Because genistein is not only a tyrosine kinase inhibitor
but also a flavonoid [25], the effects of other tyrosine
kinase inhibitors and of a flavonoid were investigated.
Use of two other tyrosine kinase inhibitors, herbimycin
A (1 M) and tyrphostin 23 (100 pM), both non-flavonoid
tyrosine kinase inhibitors, did not attenuate PAI-1 induc-
tion induced by Y-27632 (30 uM) (Fig. 3A and B), sug-
gesting that genistein exerted its inhibitory effect through a

Fig. 3. Effect of herbimycin A, tyrphostin 23, daidzein, and genistein on PAI-1 expression induced by Y-27632 in adipocytes. (A) A representative Northern
blot showing the effects of the non-flavonoid tyrosine kinase inhibitors herbimycin A (1 pM) and tyrphostin 23 (100 uM), and the flavonoid daidzein
(100 uM), on PAI-1 mRNA expression induced by Y-27632 (30 uM). (B) A bar graph showing the effects of the non-flavonoid tyrosine kinase inhibitors
herbimycin A (1 uM) and tyrphostin 23 (100 uM), and the flavonoid daidzein (100 M), on PAI-1 mRNA expression induced by Y-27632 (30 uM). The data
demonstrate percent stimulation (means + SD) in four independently performed experiments. Key: (*) P < 0.05 compared with control; and (+) P < 0.05
compared with Y-27632 (30 uM). (C) The effects of Y-27632 (30 uM) and genistein (100 pM) on the accumulation of PAI-1 protein in adipocyte conditioned
medium. The data demonstrate percent stimulation (means & SD) in three independently performed experiments. Key: () P < 0.05 compared with control;
and (+) P < 0.05 compared with Y-27632 (30 uM). A representative Western blot is shown in the upper panel.
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non-tyrosine kinase mechanism. In keeping with this pos-
sibility, daidzein (100 uM), another flavonoid with only
weak tyrosine kinase inhibition, decreased basal PAI-1
expression and attenuated PAI-1 expression induced by
Y-27632 (30 uM) (66 =43% and 88 +25% compared
with control, respectively). Accumulation of PAI-1 protein
in adipocyte conditioned medium was increased by Y-
27632 (30 puM) as assessed by Western blotting
(258 = 86% over control at 30 uM) (Fig. 3C). Genistein
(100 pM) completely inhibited the increase of PAI-1
induced by Y-27632 (109 4 37% of control).

4. Discussion

Adipose tissue is a probable source of PAI-1 in the blood
of patients with insulin-resistant states including type 2
diabetes and obesity. In this study, PAI-1 expression was
increased in adipocytes compared with that in preadipo-
cytes. The results are compatible with the concept that
adipocytes are one of the major cell types responsible for
PAI-1 secretion into blood. Inhibition of Rho-kinase by Y-
27632 increased PAI-1 mRNA expression in a concentra-
tion-dependent manner. In human fat tissue, preadipocytes
and stromal cells may also contribute to PAI-1 production
[26].

TGF- is a potent inducer of PAI-1 in human adipocytes
[27] and cultured heart cells [17]. HMGCoA reductase
inhibitors up-regulate both TGF-B signaling and PAI-1
expression through inhibition of the geranylgeranylation
of a Rho-family member, RhoA GTPase [17]. Thus, it is
likely that Y-27632 could increase PAI-1 expression by up-
regulating TGF-f signaling in adipocytes, or more speci-
fically by de-repressing Rho pathway-dependent suppres-
sion of TGF-f expression although adipocyte TGF-8
expression was not determined in this study. Because
angiotensin II-induced PAI-1 gene expression is inhibited
by Y-27632 in heart in vivo [28] and in cultured smooth
muscle cells in vitro [29] and because Rho-kinase inhibi-
tors suppress PAI-1 synthesis in monocytes [30], the effects
of Y-27632 may be cell- or organ-specific and dependent
upon the agonists used.

The tyrosine kinases, protein kinase C and MAP kinase
may influence PAI-1 expression in mesangial cells and
HepG, cells [31,32]. In adipocytes, pretreatment with
genistein attenuated the increase of PAI-1 mRNA expres-
sion induced by Y-27632. By contrast, the protein kinase C
inhibitor GF109203X, the MAP kinase kinase inhibitor
PD98059, and the p38 MAP kinase inhibitor SB202190
exerted no effects on the increased PAI-1 mRNA expression
induced by inhibition of Rho-kinase. Therefore, it is likely
that a genistein-sensitive mechanism that we identified is
involved in the cell signaling after inhibition of Rho-kinase
with Y-27632. Inhibitors were used at the concentrations
previously used in adipocytes [33-36]. However, higher
concentrations may result in different responses [36].

Genistein reduces the induction of PAI-1 by tumor
necrosis factor-o, basic fibroblast growth factor, insulin,
and IGF-1 [37-39]. Yet other tyrosine kinase inhibitors
(herbimycin A and tyrphostin 23) did not reduce induction
of PAI-1 in the present study. These results are consistent
with the likelihood that genistein was not acting as a
tyrosine kinase inhibitor but rather exerted its effects via
a different mechanism. Genistein is not only a tyrosine
kinase inhibitor but also a flavonoid. It exerts diverse
effects in adipocytes such as inhibition of mitotic clonal
expansion, triglyceride accumulation and peroxisome pro-
liferator-activated receptor-y [25]. Because we found that
another flavonoid also decreases PAI-1 expression, it
appears that flavonoids themselves can inhibit PAI-1
expression in adipocytes. Flavonoids are polyphenolic
compounds that exist widely in plants, inhibit the prolif-
eration of tumor and non-tumor cells in culture, induce
apoptosis, exert estrogenic and antiestrogenic effects, and
function as antioxidants [40]. Flavonoids alter the activity
of a number of intracellular enzymes, including tyrosine
kinases [41]. Primarily because of their antiproliferative
effects, flavonoids have been a focus of active exploration
seeking to identify anti-cancer agents. Genistein, a soy
isoflavone, inhibits the proliferation of a number of cancer
cell lines and commonly induces differentiation. In this
regard, it is of interest that flavonoids can function as
antioxidants and that oxidative stress can induce PAI-1 in
adipocytes as we previously reported [24]. It is not clear at
the mechanistic level how the flavonoids regulate the Rho/
Rho-kinase system. It is of interest that activation of a Rho-
like small G protein is related to oxygen deprivation
tolerance in plants [42].

Results in this study suggest that flavonoids may provide
a means for down-regulating PAI-1 expression, thereby
diminishing cardiovascular risk in conditions such as
obesity and insulin-resistant states in general. The effect
they exert on the expression of PAI-1 in adipocytes appears
to reflect an impact on the Rho-kinase pathway, perhaps
through activating the pathway and thereby suppressing
expression of TGF-f and its induction of PAI-1. Modula-
tion of activity of the Rho/Rho-kinase pathway and its
effect on PAI-1 gene expression by a genistein-sensitive
mechanism in adipocytes suggests that pharmacological
interventions with flavonoids may be beneficial in decreas-
ing PAI-1 expression and reducing thrombotic events in
patients with diverse insulin-resistant states including type
2 diabetes mellitus and obesity.
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