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Attenuation by prolonged nitric oxide synthase inhibition of the
enhancement of fibrinolysis caused by environmental stress in the
rat

'Atsufumi Kawabata & Taeko Hata

Department of Pharmacology, Faculty of Pharmaceutical Sciences, Kinki University, 3-4-1 Kowakae, Higashi-Osaka 577, Japan

1 Nitric oxide (NO) suppresses platelet aggregation and plasminogen activator inhibitor (PAI) release
from platelets, playing physiological and/or pathological roles in the haemostatic system. We
investigated the effect of N0-nitro-L-arginine methyl ester (L-NAME), an NO synthase inhibitor, on
the disseminated intravascular coagulation (DIC)-like phenomena in rats under environmental stress,
induced by prolonged fluctuation in air temperature, known as SART (specific alternation of rhythm in
temperature) stress.
2 Exposure of rats to SART stress for 7 days caused mild DIC-like symptoms such as
thrombocytopenia, hypofibrinogenemia, decreased factor VIII: coagulant activity and shortened
euglobulin clot lysis time (ECLT). The enhanced fibrinolysis was accompanied by a marked decrease
in the activity of plasma PAL.
3 L-NAME, but not its D-enantiomer, when administered orally at 0.3-10 mg kg-', twice a day for 7-
day exposure to stress, inhibited the stress-induced decrease in fibrinogen levels in a dose-dependent
manner, whereas it failed to alter platelet count, factor VIII:coagulant activity and plasma protein levels
in stressed rats. All these parameters in unstressed rats were resistant to L-NAME at 10 mg kg-1.
4 Repeated treatment with 10 mg kg-' of L-NAME blocked the shortening of ECLT and the decrease
in PAI activity following stress exposure, although it was without effect in unstressed rats.
5 The inhibitory effects of L-NAME at 10 mg kg-' on the stress-induced alterations in fibrinogen levels
and in ECLT were significantly reduced by coadministered L-arginine at 1000 mg kg-'.
6 These findings demonstrate that repeated administration of L-NAME attenuates the enhanced
fibrinolysis, without aggravating thrombocytopenia, in SART-stressed rats. Endogenous NO appears to
contribute to the stress-induced development of fibrinolysis by suppressing plasma PAI activity, most
probably as a result of inhibition of the PAI release from platelets.
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Introduction

Nitric oxide (NO) plays physiological roles in various biolo-
gical events, and is also implicated in the pathogenesis of a
number of diseases including circulatory failure (Hutcheson et
al., 1990; Wright et al., 1992; Moncada & Higgs, 1993; Thie-
mermann, 1994). NO appears to play a complex dual role in
the development of the circulatory failure in septic shock. An
overproduction of NO by inducible NO synthase contributes
to the severe hypotension and multiple organ dysfunction
syndrome in endotoxaemia, implying the therapeutic sig-
nificance of NO synthase inhibitors (Thiemermann & Vane,
1990; Nava et al., 1991; Thiemermann et al., 1995). Never-
theless, high doses of non-selective NO synthase inhibitors
aggravate the injury of the liver (Harbrecht et al., 1992), kid-
ney (Shultz & Raij, 1992) and intestine (Hutcheson et al., 1990)
as well as the mortality (Wright et al., 1992; Kawabata, 1995)
in endotoxaemic rodents. Selective inhibition of the inducible
isoform of NO synthase appears more beneficial, since the
inhibition of endothelial NO synthase may be responsible for
the reported adverse consequences (Szabo et al., 1994; Thie-
mermann, 1994; Thiemermann et al., 1995).
NO suppresses platelet aggregation and plasminogen ac-

tivator inhibitor (PAI) release from platelets, playing phy-
siological and/or pathological roles in the haemostatic system
(Lidbury et al., 1990; Korbut et al., 1990; 1995; May et al.,
1991). It is of special interest that NG-nitro-L-arginine methyl
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ester (L-NAME), an NO synthase inhibitor, improves some
of the disseminated intravascular coagulation (DIC) phe-
nomena in endotoxaemic rats, such as the decrease in fi-
brinogen levels and the shortening of euglobulin clot lysis
time (ECLT), possibly by enhancing plasma PAI activity,
although it does not alter the degree of the drop in platelet
count (Korbut et al., 1994). The effect of NO synthase in-
hibitors in other types of DIC models remains to be ex-
amined at present.
A series of our studies (Hata et al., 1988; 1989; 1991; 1992;

Kawabata & Hata, 1993a,b) have demonstrated that mild
DIC-like phenomena develop in rats exposed to environmental
stress induced by prolonged fluctuation in air temperature,
known as SART (specific alternation of rhythm in tempera-
ture) stress (Kita et al., 1975). This stress can be produced by
repeated exposure of rodents to sudden changes in ambient
temperature (from room temperature to low temperature) for a
week according to a certain schedule (Hata et al., 1984), re-

sulting in a variety of adverse biological events including
haemostatic (Hata et al., 1988; 1989; 1991; 1992; Kawabata &
Hata, 1993a,b) and haemodynamic (Hata et al., 1985; 1986)
dysfunctions, and also alterations in the immune systems (Hori
et al., 1993; Tagoh et al., 1995).

To clarify the complex role of NO in various types of cir-
culatory failure, the present study examined the effect of pro-
longed NO synthase inhibition by repeatedly administered L-
NAME on the mild DIC-like symptoms caused by SART
stress in rats. The results obtained imply the involvement of
endogenous NO in the enhanced fibrinolysis under stress.

(DIC);
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Methods

Experimental animals

Male Wistar rats weighing 200-300 g (Japan SLC. Inc.) were
maintained on a 12-h light-dark cycle on a standard laboratory
diet and tap water ad libitum before experiments.

Exposure of animals to SART stress

The rats were stressed essentially according to the previously
established protocol (Hata et al., 1984; Kawabata & Hata,
1993b). Wire-grating cages (38 x 25 x 17 cm) for stress ex-
posure were prepared in a room maintained at 240C and in a
cold room maintained at -3C. Rats in groups of 3 or 4 were
alternately transferred at 1-h intervals to each cage placed in
the former room and in the latter between 09 h 00 min and
16 h 00 min, and were housed in the cage in the latter (-3C)
room between 16 h 00 min and 09 h 00 min overnight. These
procedures were repeated for 7 days, and thereafter terminated
at 09 h 00 min on the final day of stress.

Blood collection and haemostatic examination

Blood collection was conducted between 11 h 00 min and 12 h
00 min on the final day of stress. Each rat was anaesthetized by
subcutaneous administration of pentobarbitone at
40 mg kg-', and 5 ml of citrated blood (containing 1/10 vo-
lume of 3.8% sodium citrate) was withdrawn from the ab-
dominal aorta. Blood examinations were carried out as
reported previously (Hata et al., 1991; Kawabata & Hata,
1993b). Briefly, after the visual estimation of platelet count in
whole blood, platelet-poor plasma was obtained by centrifu-
ging the citrated blood at 1700 g and 40C for 10 min, and
plasma fibrinogen and protein levels were determined by the
thrombin time method and by Lowry's method, respectively.
Euglobulin clot lysis time (ECLT) was measured essentially
according to Gallimore et al., (1971), using the euglobulin
fraction prepared by the method of Kluft et al. (1976), as de-
scribed previously (Hata et al., 1991). The activity of blood
coagulation factor VIII:coagulant and of plasminogen acti-
vator inhibitor (PAI) in plasma was determined spectro-
photometrically, with commercially available assay kits using
chromogenic substrates (Chmielewska et al., 1983; Kawabata
& Hata, 1993b). The activity of factor VIII:coagulant in the
samples was expressed as a percentage of the activity in dilu-
tions of plasma pooled from 5 normal rats. In PAI assay,
40 u ml-' of authentic tissue plasminogen activator (tPA) was
incubated at 250C for 20 min in the presence or absence of the
citrated sample plasma. After destroying plasmin inhibitors,
especially a2-antiplasmin, by 20 min incubation at 370C, the
residual tPA activity was measured spectrophotometrically by
adding Glu-plasminogen, chromogenic plasmin substrate and
solubilized fibrin, in micro test plates.

Drug administration schedule

NG-nitro-L-arginine methyl ester (L-NAME) or its D-en-
antiomer (D-NAME), in a dose-range of 0.3-10mgkg-',
were administered orally to rats twice a day, at 09 h 00 min
and 16 h 00 min, for 7 consecutive days, 14 times in all, from
the first day until the day preceding the termination of stress.
Unstressed rats were also treated with L-NAME in the same
manner. In the experiments to study the interaction between L-
NAME and L-arginine, L-NAME at 10 mg kg-' was coad-
ministered orally with L-arginine at 1000 mg kg-' according
to the above schedule. Control animals received vehicle only.

Chemicals used

Drugs used were NG-nitro-L-arginine methyl ester hydro-
chloride (Sigma, U.S.A.), NG-nitro-D-arginine methyl ester
hydrochloride (Bachem, Switzerland) and L-arginine hydro-

chloride (Kishida Chem., Japan). All these drugs were dis-
solved in saline. Assay kits for fibrinogen (FibrinogenB-Test
Wako), factor VIII:coagulant (Testzym FVIII) and plasmi-
nogen activator inhibitor (Spectrolyse-fibrin-tPA/PAI) were
purchased from Wako Pure Chemicals (Japan), Chromogenix
AB (Sweden) and Biopool AB (Sweden), respectively.

Statistics

The results are expressed as the mean with s.e.mean. Statistical
analysis was performed by Student's unpaired t test or by
Newman-Keuls' multiple comparison test, and significance
was set at a P<0.05 level.

Results

Haemostatic alterations in rats exposed to SART stress

Exposure of rats to SART stress for 7 days resulted in sig-
nificant decreases in platelet count, fibrinogen levels and factor
VIII:coagulant activity, and significant shortening of eu-
globulin clot lysis time (ECLT). In addition, SART-stressed
rats exhibited a marked drop in the activity of plasminogen
activator inhibitor (PAI) (Figure 1).

Effect of repeatedly administered NG-nitro-L-arginine
methyl ester on platelet count, coagulation factors and
plasma protein levels in stressed rats

Repeated administration of N0-nitro-L-arginine methyl ester
(L-NAME) or its D-enantiomer (D-NAME) at 0.3-
10 mg kg-' did not alter platelet count in unstressed and
stressed rats. In contrast, L-NAME, but not D-NAME, given
in the same dose-range, drastically augmented the decreased
plasma fibrinogen levels in stressed rats, although it produced
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Figure 1 Haemostatic alterations in rats under SART stress: (a)
platelet count; (b) plasma fibrinogen; (c) factor VIII: C activity; (d)
euglobulin clot lysis time and (e) PAI activity. Rats were exposed to
SART stress for 7 days. Data indicate the mean with s.e.mean. The
figures in columns show the number of rats used. PAI, plasminogen
activator inhibitor.
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no effect in unstressed rats. Plasma protein levels were resistant
to stress exposure and to repeated treatment with L-NAME as

well as D-NAME at 0.3 -10 mg kg-' (Figure 2). On the other
hand, repeated L-NAME at 10 mg kg-' had no effect on the
decreased factor VIII:coagulant activity in stressed rats; the
activity of factor VIII:coagulant in unstressed rats treated with
vehicle, and in stressed rats treated with vehicle and with L-

NAME was 100.5 + 5.5, 79.4 + 2.1 and 81.0 + 3.3% (not sig-
nificantly different from the vehicle-treated, stressed group),
respectively (n = 4).

Inhibitory effect of repeated NG-nitro-L-arginine methyl
ester on the stress-induced alterations in the fibrinolytic
systems in the rat

L-NAME, when administered repeatedly at 10 mg kg-', in-
hibited the shortening of ECLT due to stress, while it produced
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no effect on ECLT in unstressed rats. The same dose of L-
NAME also completely blocked the stress-induced drop in the
activity of PAI, without altering PAI activity in unstressed rats
(Figure 3).

L-Arginine antagonism of the effect of repeated NG-
nitro-L-arginine methyl ester treatment on the decreased
fibrinogen levels and shortened euglobulin clot lysis time
in stressed rats

In SART-stressed rats, L-arginine, when administered at
1000 mg kg-' in the same schedule as that for L-NAME, did
not modify fibrinogen levels by itself, whereas, when coadmi-
nistered with L-NAME at 10 mg kg-', it significantly atte-
nuated the L-NAME-induced elevation in fibrinogen levels.
Similarly, L-arginine at 1000 mg kg-1, coadministered with L-
NAME at 10 mg kg-', significantly reduced the L-NAME-
induced prolongation of ECLT, without altering ECLT by
itself, in stressed rats (Figure 4).

Discussion

This study demonstrates that repeated administration of L-
NAME, an NO synthase inhibitor, abolishes the decrease in
fibrinogen levels, the shortening of ECLT and the decrease in
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Figure 2 Effect of repeated administration of NG-nitro-L-arginine
methyl ester (L-NAME) on (a) platelet count, (b) plasma fibrinogen
and (c) plasma protein levels in unstressed and SART-stressed rats.
L-NAME or its D-enantiomer (D-NAME), at 0.3, 3 or lOmgkg-',
was administered orally twice a day, at 09h 00min and 16h 00min,
for 7 days (14 times in all) during exposure to stress. Data indicate
the mean with s.e.mean. The figures in columns show the number of
rats used. C, control. *P<0.05, **P<0.01 vs. the unstressed control;
**P <0.01 vs. the stressed control.
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Figure 3 Effect of repeatedly administered NG-nitro-L-arginine
methyl ester (L-NAME) on (a) the shortened euglobulin clot lysis
time and (b) the decreased activity of plasminogen activator inhibitor
(PAI) in SART-stressed rats. L-NAME at 10mgkg-1 was adminis-
tered orally twice a day, at 09 h 00 min and 16h 00min, for 7 days
(14 times in all) during exposure to stress. Data indicate the mean

with s.e.mean from 5-8 rats. NS, not significant.
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Figure 4 L-Arginine antagonism of the suppressive effect of NG-
nitro-L-arginine methyl ester (L-NAME) on the stress-induced
alterations in (a) fibrinogen levels and (b) euglobulin clot lysis time
in rats. L-NAME at 10 mgkg-1 and L-arginine (L-Arg) at
1000mgkg-' were coadministered orally twice a day, at 09h
00min and 16h 00min, for 7 days (14 times in all) during exposure
to stress. Data indicate the mean with s.e.mean from 6-10 rats. NS,
not significant.

PAI activity in SART-stressed rats, but does not alter the
magnitude of the stress-induced decreases in platelet count and
factor VIII:coagulant activity. Neither haemoconcentration
nor haemodilution are responsible for the alterations in the
haemostatic parameters produced by stress exposure and by L-
NAME, since plasma protein levels remained constant fol-
lowing either treatment. Thus, repeated L-NAME appears to
block the enhanced fibrinolysis among the DIC-like symptoms
caused by stress in rats. The findings that the effect of L-
NAME was stereospecific, and was attenuated by coadminis-
tered L-arginine, a substrate for NO synthase, indicate that the
anti-fibrinolytic effect ofL-NAME in stressed rats results from
the inhibition of NO synthase. Collectively, the present study
suggests that L-NAME suppresses the enhanced fibrinolysis by
increasing PAI activity as a result of inhibition ofNO synthase
in stressed rats. In other words, endogenous NO appears to
contribute to the stress-induced development of fibrinolysis by
suppressing PAI activity.
NO suppresses platelet aggregation and/or adhesion, and

may act as an endogenous regulator of platelet activation
within the pulmonary circulation (May et al., 1991). NO is
also considered to be involved in the activation of fi-
brinolysis, since various NO donors, including sodium ni-
troprusside, inhibit the release of PAI from platelets, leading

349

to the apparent increase in tissue plasminogen activator (tPA)
activity (Lidbury et al., 1990; Korbut et al., 1990; 1995).
Endogenous NO may act tonically to reduce fibrinogen levels

by activating fibrinolysis even under physiological conditions

(Kawabata, 1996). In the rat challenged with endotoxin, an

experimental DIC model, the NO synthase inhibitor L-

NAME, preadministered twice at 30 mg kg-', blocks the

decrease in fibrinogen levels and the shortening of ECLT, but

does not aggravate the thrombocytopenia (Korbut et al.,
1994), suggesting that endogenous NO facilitates fibrinolysis,
but does not effectively act to suppress intravascular platelet
activation in endotoxaemia. Similarly, in the present study,
repeated administration of L-NAME at 10 mg kg-', a dose

which produced no effect in unstressed rats, abolished the

stress-induced alterations in fibrinogen levels and in ECLT

without aggravating the thrombocytopenia. Thus, L-NAME

appears to block the enhanced fibrinolysis in the two distinct

DIC models.
SART-stressed animals exhibit a variety of DIC-like

symptoms, such as prolonged bleeding time, abnormal platelet
functions and prolonged activated partial thromboplastin
time, in addition to thrombocytopenia, hypofibrinogenemia,
decreased factor VIII:coagulant activity and shortened ECLT
(Hata et al., 1988; 1989; 1991; 1992; Kawabata & Hata,
1993a,b). In the present study, we confirmed some of the above

profile, and showed the marked decrease in plasma PAI ac-

tivity for the first time. This decreased PAI activity that is

considered responsible for the enhanced fibrinolysis, is a no-

table character of the stress-induced DIC-like phenomena,
differing from the endotoxin-induced DIC (Korbut et al.,
1994). In the endotoxaemic model, plasminogen activators are

induced in various organs, leading to the enhanced fibrinolysis,
whereas, concurrently, PAI is also induced and then its activity
in plasma drastically rises (Quax et al., 1990; Padro et al., 1994;
Korbut et al., 1994). L-NAME, given twice at 30 mg kg-',
further enhances the increased activity of PAI in en-

dotoxaemia, resulting in its anti-fibrinolytic effect (Korbut et

al., 1994). In contrast, we found that repeated treatment with

L-NAME at 10 mg kg-', a dose which produced no effect in

unstressed rats, reversed the decreased activity of PAI in

stressed rats, to a level equivalent to that in unstressed rats,
thereby suggesting that endogenous NO acts tonically to re-

duce plasma PAI activity and then enhances fibrinolysis under

stress, possibly by suppressing the release ofPAI from platelets
(Lidbury et al., 1990; Korbut et al., 1990; 1995). Whether stress
and L-NAME alter plasma levels of the PAI molecule itself is

still not clear, because the levels of tPA/PAI complex and

plasminogen activators in plasma were not determined in the

present study. The effects of SART stress on the activity of
constitutive and inducible NO synthase and on plasma nitrite/
nitrate levels remain to be investigated.

Radical scavengers such as superoxide dismutase and cat-

alase, when repeatedly administered s.c. according to the same
schedule as that in the present study, prevent the decreases in

platelet count, fibrinogen levels and factor VIII:coagulant ac-

tivity in stressed mice, suggesting that oxygen-derived free
radicals including superoxide anion participate in the patho-
genesis of the DIC-like phenomena caused by SART stress

(Kawabata & Hata, 1993b). However, it seems unlikely that
NO reacts with superoxide anion, and the resulting product,
peroxynitrite anion, participates in the pathogenesis of the
DIC-like phenomena, because the prolonged inhibition of NO
synthase by L-NAME reduced the hypofibrinogenemia but
failed to improve the thrombocytopenia and decreased factor
VIII:coagulant activity in stressed rats in the present study.

In conclusion, the prolonged inhibition of NO synthase by
repeated administration of L-NAME blocks the enhanced fi-
brinolysis among the stress-induced DIC-like symptoms in the
rat, providing novel evidence for a role of endogenous NO in
the development of circulatory failure.

A. Kawabata & T. Hata NO and stress-induced DIC
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