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The molecular mechanisms of the endothelia fibrinolytic activities modulated by mechanica strain are
not clear. Endothelial cells (ECs) grown on a flexible membrane base were deformed with sinusoidal
negative pressures to produce an average strain of 12%. Cyclic strain induced PAI-1 release in a time-
dependent manner. Strain cells resulted in a 5-fold increase in PAI-1 release. Strain induced a sustained
elevated level in intracellular reactive oxygen species (ROS). Concomitantly, a sustained increase of catalase
activity was observed. Both ROS and catalase activity returned to basal levels with the removal of strain.
ECs pretreated with antioxidant, N-acetyl-cysteine, abolished the strain-induced ROS generation as well as
strained-induced PAI-1 release. Our results indicate that cyclic strain-induced PAI-1 secretion may be
mediated by an increase in ROS generation and thus emphasizes the importance of intracellular ROS in
the modulation of hemodynamic force-induced cellular response of ECs.  © 1996 Academic Press, Inc.

Vascular endothelial cells (ECs) play an important role in the regulation of fibrinolytic
activity in the blood by releasing various fibrinolytic substances including tissue plasminogen
activator (tPA) and plasminogen activator inhibitor-1 (PAI-1). ECs are constantly exposed to
the dynamics of mechanical forces (1, 2), including blood flow-induced shear stress and
pressure-produced strain that may alter the fibrinolytic activities by modulating the secretion
of tPA or PAI-1 of these affected ECs. The effects of shear stress on tPA and PAI-1 release
have been previoudly studied (3, 4). Shear stress treatment of ECs increases tPA secretion but
induces no significant changes in PAI-1 (3, 4). The effects of cyclic strain on ECs have aso
been recently investigated (4). In contrast to shear stress effects, cyclic strain treatment increases
secretion of PAI-1, but not tPA (4). Previous studies from this laboratory have indicated that
cyclic strain can stimulate the expression of endothelin-1 (Et-1) (5, 6), monocytic chemotactic
protein-1 (MCP-1) (7, 8) and intercellular adhesion molecule-1 (ICAM-1) (9). However, the
cellular and molecular mechanism by which mechanical deformation leads to an increased
gene expression and the protein release remains largely unknown. Signal pathway including
protein kinase C (6, 7) and calcium influx (6, 7, 8) have been suggested to be involved in the
strain-induced Et-1 and MCP-1 expression. Recent evidence suggests that reactive oxygen
species (ROS) may function as a second messenger in cells exposed to various stimuli (10,
11). ROS activation of the NF-kB and AP-1 transcription factors has been reported (12, 13).
Hemodynamic forces that upregulate certain genes are believed to involve the activation of
NF-«B and AP-1 (14, 15). Moreover, flow-dependent release of ROS from vascular ECs
has been reported (16). However, neither the intracellular ROS levels in ECs subjected to
hemodynamic forces nor the role of ROS in mechanical forces-induced cellular response have
been fully defined. We have recently demonstrated that ROS is involved in the strain-induced
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expression of MCP-1 and ICAM-1 (17). In this study, we further demonstrate that cyclic strain
can induce intracellualr ROS generation and this increased ROS level may mediate the strain-
induced PAI-1 secretion. These results, thus, indicate that hemodynamic forces may exert their
affects on fibrinolytic activities of ECs by modulating intracellular ROS levels.

MATERIALS AND METHODS

Materials. ECs were isolated from fresh human umbilical cords as previously described (8). Imubind PAI-1 ELISA
kits were purchased from American Diagnostica Inc. (Greenwich, CT). Other chemicals of reagent grade were obtained
from Sigma (St. Louis, MS).

ECs cultures. ECs were grown for 3 days in petri dishes and seeded onto the silicon membrane base of a flexcell
cell plate (Flexcell, Mekeesport, PA) until the monolayer became confluent. The culture medium was changed to
medium 199 containing 2% FCS, and the cells were incubated overnight before the experiments.

In vitro cyclical strain to ECs. The strain unit (FX-2000, Flexcell International Co., McKeesport, PA) consisted of
a vacuum unit linked to a computerized valve control unit, described in detail elsewhere (18). The flexible membrane
supporting the culture cells were deformed by a sinusoidal negative pressure with a peak level of —20 kPa which
produced an average strain of 12%. After the strain treatment, the conditioned supernatant was collected for PAI-1
analysis.

Measurement of intracellular reactive oxygen species (ROS). ROS was measured by a method previously described
(19, 20). In brief, strained ECs, following trypsinization, were resuspended in PBS immediately followed by incubation
in 20 uM of 2',7'-dichlorofluorescein diacetate (DCFH, Serva, Germany) at 37°C for 30 min in the dark. Reaction was
stopped by centrifugation and the cell pellets resuspended in PBS. The relative fluorescence intensity of fluorophore, 2’,
7'-dichlorofluorescein (DCF), which is formed by peroxide oxidation of its nonfluorescent precursor was detected at
an emission wavelength of 525 nm by using excitation wavelength of 475 nm with a Hitachi 4010 fluorescence
spectrophotometer. DCFH with fresh culture medium was used as a blank control.

Measurement of catalase activity. Catalase activities were calculated as described previously (21). In brief, ECs,
removed from plate and collected in PBS, were rapidly frozen at —70°C overnight. Cells were thawed, centrifuged
and the supernantant containing 50 n.g protein was collected. Catalase activity was determined spectrophotometrically
by measuring the decomposition of exogenously added H,O, (10 mM). The rate of disappearence of H,0, is followed
by analyzing the rate of decrease in absorbance at 240 nm. One unit is defined as 1 ymole of H,O, decomposition
per min at room temperature. In some experiment, cell lysate was pretreated for one half hour with specific catalase
inhibitor, i.e., 3- amino-1, 2, 4-triazole (3-ATA, 20 mM) prior to catalase activity measurement.

Measurement of PAI-1 concentration. PAI-1 concentrations in culture media were assayed with Imubind-PAI-1
ELISA kits (22). Briefly, Nunc-immuno plates were pre-coated with goat anti-human PAI-1 monoclonal antibody
overnight. Conditioned medium was added and incubated for 3 h. After washing, 200 ul of horseradish peroxidase-
labeled goat anti-human PAI-1 was added and the reaction was developed by adding orthophenylenediamine as
substrate.

RESULTS

ECs cultured on flexible membrane bases were subjected to deformation to produce an
average strain of 12%. ECsunder strain treatment for 24 h remained morphologically intact.
The release of cellular lactate dehydrogenase did not significantly increase as compared to
control unstrained cells (data not shown). PAI-1 released into culture media was measured.
ECs maintained in M-199 consisting 2% serum constantly secreted PAI-1 into culture
medium in a time-dependent manner (Fig. 1). PAI-1 release from unstrained control cells
was 0.9 1g/10° cells and 1.4 1g/10° cells after 12 h and 24 h of incubation, respectively.
PAI-1 release increased to 2.0 ©g/10° cells and 4.3 ng/10° cells after 12 h and 24 h,
respectively, of strain treatment. Secretion rate, as calculated from the rise in the PAI-1
concentration in the medium from unstrained control and strained cells between 24 h and
12 h, was 37 ng/h/10° cells and 190 ng/h/10° cells, respectively. Thus, 12% of strain
treatment induced about a 5-fold increase in PAI-1 release. These results indicate that
mechanical strain can induce PAI-1 release in ECs.

ECs under 12% treatment rapidly increased their intracellular ROS as indicated by the
fluorescence intensity of the peroxide product of DCFH (Fig. 2A). Thisintracellular ROS level
reached to a maximum by 0.5 h subsequent to strain. Elevated ROS levels then declined but
till remained elevated as long as the strain was maintained. Concomitantly, a similar pattern
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FIG. 1. Increased PAI-1 secretion from ECs after cyclic strain. PAI-1-containing culture media from control
unstrained ECs or ECs under strain (12%) for 12 or 24 h were collected and analyzed by ELISA as described in
Materials and Methods. All data are represented as mean+SEM from 3 to 5 experiments. * P<.05 vs control unstrained
cells.

that a rapid induction followed with a sustained increase of catalase activity was observed in
these strained cells (Fig. 2B). Increased ROS and catalase activity returned to the basal level
subseguent to the remova of the strain. The strain-induced ROS generation and catalase
activity could be abolished by pre-treating the ECs with an antioxidant, N-acetyl-cysteine
(NAC). In order to confirm that the induced H,O, decomposition was due to the increased
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FIG. 2. Cyclic strain induces intracellular ROS and catalase activities in ECs. A) ECs under 12% strain treatment
were removed from plates immediately followed by incubation with non-polar DCFH. The intracellular ROS was
analyzed by measuring relative fluorescence intensity of fluorophore, DCF. B) The catalase activities were measured
spectrophotometrically by the H,O, decomposition rate. ECs were strained for 0.5 (S0.5), 1 (S1)or 20 h (S20). Strained
ECs were alowed to rest for 2 h (S0.5+R2). ECs were pretreated with NAC (20 mM) for 0.5 h prior to strain
treatment (NAC+S0.5). Cell lysates from strained cells (S1) were pretreated with 3-ATA (3ATA+S1) prior to the
measurement of H,O, decomposition. ECs treated with H,O, (100 uM) were used as a reference for ECs under
condition of oxidant stress. Representative data from 3 experiments are shown.
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FIG. 3. Antioxidant inhibits the strain-induced PAI-1 release. ECs were pretreated with antioxidant (NAC, 20 mM)
0.5 h prior to strain treatment. After strain (12%) for 24 h, the culture media were collected and the concentrations
analyzed by ELISA. ECs treated with H,O, (100 M) for 24 h were used as a reference for ECs under oxidant stress
condition. Results are presented as mean+SEM from 3 to 5 experiments. * P<.05 vs unstrained control cells. *P<.05
Vs respective strained or H,O,-treated cells.

intracellular catalase activity in strained cells, cell lysates were preincubated with 3-ATA (3-
amino-1, 2, 4-triazole), a specific catalase inhibitor, prior to the analysis of H,O, decomposition.
As shown in Fig 2B, H,O, decomposition activity in cell lysates pretreated with 3-ATA was
amost entirely inhibited. These results indicate that strain can specifically induce intracellular
ROS generation with a concomitant increase in catalase activity. To demonstrate that ROS is
involved in the strain-induced PAI-1 secretion, ECs were pre-treated with NAC, prior to strain
treatment. As shown in Fig 3, NAC treatment in control unstrained groups did not cause a
significant decrease in PAI-1 secretion. In contrast, the strain-induced PAI-1 secretion from
strained cells was greatly inhibited. To further confirm that ROS was operative in the strain-
induced PAI-1 secretion, ECs were treated with H,O, (100 uM) for 24 h. Asindicated, H,O,-
treated ECs increased its PAI-1 secretion. This H,O.-induced PAI-1 secretion could also be
inhibited by pre-treating ECs with NAC. Taken together, these results indicate that cyclic
strain applied to ECs can specificaly induce ROS generation and the increased ROS levels
may in turn be involved in the strain-induced PAI-1 secretion.

DISCUSSION

PAI-1 serves as the major physiologic inhibitor of plasminogen activator, and attenuates
the fibrinolytic activity of the plasminogen activation (23). PAI-1 secretion from ECs is under
the control of numerous growth factors, cytokines and hormones (24). Because ECs are con-
stantly subjected to the influence of blood flow dynamics, many effects of hemodynamic force
on fibrinolytic activities of ECs have been reported (1-4). In contrast to the shear stress effects,
the secretion of PAI-1 can be stimulated by cyclic strain treatment (3, 4). The molecular
mechanism that leads to the discrepancy in their secretion remains unclear. Recent studies
indicate that higher concentration of PAI-1 together with lower levels of tPA, are characteristic
of advanced atheromatous lesions (25, 26). Elevated PAI-1 levels in patients with essentia
and pulmonary hypertension (22, 27, 28) have also been reported. The mechanism(s) that
results in the elevated PAI-1 levels has not been clearified.

Recent evidence suggests that ROS may act as second messengers in endothelial cells for
expression of various proteins including MCP-1 (10, 17) and ICAM-1 (17, 29). Although the
actual mechanisms are not clear, ROS activation of the NF-xB and AP-1 transcription factors
has been reported (10, 11, 12, 29). Oxidizied low density lipoprotein as well as tumor necrosis
factor can induce oxidant stress in ECs. Both are known to stimulate the PAI-1 secretion (30,
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31). The mechanism whereby the cells sense the mechanical strain and stimulate PAI-1 release
remain unclear. However, an upstream regulatory region of the PAl-1 gene contains afunctional
AP-1 binding site (32). It is possible that cyclic strain-induced ROS regulates PAI-1 release
by inducing gene expression through activation at this AP-1 binding site. However, the ROS
merely exerting its effect on secretory process can't be excluded. For the first time our data
indicate that mechanical forces can induce ROS generation. This induced ROS generation
appears to be strain-dependent since it was maintained at an elevated level aslong as the strain
remained and returned to basal levels with the removal of strain. ECs under strain for 24 h
remained intact as revealed from morphology and non-significant increase in lactate dehydroge-
nase release. Due to the damaging potential of ROS, ECs depend on antioxidant mechanisms
to rapidly metabolize these toxic intermediates and to prevent significant free radical injury.
Among these defense mechanisms, catalase, was rapidly activated to remove strain-induced
H,0,. This induced catalase activity is also strain-dependent since it returned to basal levels
after the decline of ROS levels.

Atherosclerotic lesions are preferentially localized at bifurcated and curved regions of the
arterial tree. Recent analysis of stress concentration and strains in the arterial walls have
indicated that strains are significantly higher at branch sites than in the straight segments (33).
The strain-induced PAI-1 release and its anti-fibrinolytic activity may predispose these
branched regions to the development of atherosclerotic plague. Evidence suggests that hyper-
tension accelerates atherosclerosis in part because of synergy between elevated blood pressure
and other atherogenic stimuli to induce oxidative stress on the arterial wall (34). Involvement
of ROS in the development of hypertension has been implicated by the finding that superoxide
dismutase targeting vessel walls reduces the blood pressure in spontaneously hypertensive rats
(35). Our results of ROS generation by strain and the strain-induced PAI-1 release strongly
suggest that oxidant stress may play an important role in hemodynamic force-induced pathol og-
ical statesincluding atherosclerosis, hypertension and reperfusion-induced vessel damage. The
rapid response of ROS is also likely to be a key factor which regulates the acute responses
and/or gene expression in ECs under mechanical deformation during cardiovascular interven-
tions such as balloon angioplasty. The inhibitory effect of antioxidant on the PAI-1 release
may also provide a potential mechanism for the cardioprotective effects of the antioxidant in
various cardiovascular disorders.

In summary, our study demonstrates that intracellular ROS level can be induced by cyclic
strain and this ROS generation is involved in the strain-induced PAI-1 release. These results
also indicate the potential importance of intracellular ROS in the hemodynamic forces-induced
cellular response in vascular ECs. The mechanism by which cyclic strain leads to increased
ROS and subsequent modulation of endothelial fibrinolytic activities remains an important
guestion which warrents further study.
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