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1 Cyclosporin A (CsA) is an immunosuppressant drug that inhibits nitric oxide (NO) synthase
induction in vascular smooth muscle cells. Splanchnic artery occlusion (SAO) shock is a lethal type
of shock characterized by a marked vascular dysfunction in which the L-arginine/nitric oxide
pathway plays an important role. We investigated whether CsA exerts protective e�ects in SAO
shock by interfering with the L-arginine/nitric oxide pathway.

2 Male anaesthetized rats (n=156) were subjected to clamping of the splanchnic arteries for
45 min. This surgical procedure resulted in an irreversible state of shock (SAO shock). Sham
operated animals were used as controls. SAO shocked rats had a decreased survival (86+6 min,
while sham shocked rats survived more than 240 min), marked hypotension, increased serum levels
of TNF-a, enhanced plasma nitrite/nitrate concentrations (75+7.1 mM; sham shocked
rats=1.6+0.5 mM) and enhanced inducible NO synthase (iNOS) protein induction and activity in
the aorta. Moreover aortic rings from shocked rats showed a marked hyporeactivity to
phenylephrine (PE, 1 nM± 10 mM).

3 CsA (0.25, 0.5 and 1 mg kg71, 5 min after reperfusion) increased survival rate (SAO+C-
sA=236+9 min following the highest dose), reverted the marked hypotension, reduced plasma
nitrite/nitrate concentration (11+5.2 mM following the highest dose), restored to control values the
hyporeactivity to PE, and blunted iNOS protein induction and activity in aortic rings.

4 The present data indicate that in an experimental rat model CsA may have antishock properties
related to inhibition of L-arginine/nitric oxide pathway.
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Introduction

Occlusion of the major splanchnic arteries followed by
reperfusion in anaesthetized rats results in an irreversible
circulatory failure and shock (splanchnic artery occlusion

shock; SAO shock) (Squadrito et al., 1994b). It has been
demonstrated that in SAO shock a marked and composite
vascular dysfunction is present in which the L-arginine/nitric
oxide (NO) pathway plays an important role (Squadrito et al.,

1994a; 1996).
Indeed aortic rings from shocked rats show a marked

hyporeactivity to phenylephrine and removal of endothelium

does not restore the phenylephrine-induced contractile
response to the values of the sham animal, thus suggesting
that smooth muscle cells are involved in the hyporesponsive-

ness to phenylephrine. This complex dysfunction is probably
the result of an increase in the endogenous NO produced by
the inducible NO synthase (iNOS).

Cyclosporin A (CsA), is an immunosuppressant drug that
blocks T-cell proliferation in response to ligation of the T-cell
receptor (Kahan, 1989; Fruman et al., 1994). Type 1 T helper
cells appear to be preferentially suppressed compared with

type 2 T helper cells (Schreiber & Crabtree, 1992). It binds with
high a�nity to a family of cytoplasmatic immunosuppressant

binding proteins called immunophilins. The drug exerts its
e�ect principally through impairment of gene expression in
target cells.

The immunophilin-drug complex inhibits calcineurin
phosphatase (Clipstone & Crabtree, 1993) and therefore the
drug blocks calcium-dependent events, such as cytokine gene
expression, nitric oxide synthase activation, cell degranulation

and apoptosis (Wiederrecht et al., 1993; Muhl et al., 1993; Fast
et al., 1993).

The aim of our study was to investigate the e�cacy of

cyclosporin A in a rat model of circulatory shock. The drug,
reduced iNOS activation, increased blood pressure, decreased
the plasma levels of nitrite/nitrate and signi®cantly improved

survival in rats subjected to splanchnic artery occlusion shock.

Methods

Animal preparation

Male Sprague-Dawley rats (n=156) weighing 200 ± 250 g were
permitted access to food and water ad libitum. The rats were
anaesthetized with urethane (1.3 g kg71, i.p.). After midline

laparotomy, the coeliac and superior mesenteric arteries were
isolated near their aortic origins. During this procedure, the
intestinal tract was maintained at 378C by placing it between

gauze pads soaked with warmed 0.9% NaCl solution. Rats
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were given heparin (1000 u kg71, i.v.) and were observed for a
30 min stabilization period prior to either splanchnic
ischaemia or sham ischaemia. Splanchnic artery ischaemia-

reperfusion injury (SAO) was induced by clamping both the
superior mesenteric artery and the coeliac trunk so as to
produce a total occlusion of these arteries for 45 min. The
clamps were then removed. Following reperfusion the rats

were observed for 240 min. Sham-operated rats were subjected
to the same surgical procedures as SAO rats except the arteries
were not occluded.

Survival evaluation and arterial blood pressure
monitoring

A ®rst group of animals (n=80) was used to study survival and
arterial blood pressure. The animals were previously implanted

with cannulae (PE 50) into the left common carotid artery and
right jugular vein, as described elsewhere (Caputi et al., 1980).
Cyclosporin A (CsA; 0.25; 0.5 and 1 mg kg71), 1400 W
(20 mg kg71), a highly selective inhibitor of iNOS (Garvey et

al., 1997), NG-nitro-L-arginine methyl-ester (L-NAME;
5 mg kg71) a non selective inhibitor of NOS or vehicle
(DMSO-NaCl 0.9% 1 : 1, v v71; 1 ml kg71) were injected

intravenously 5 min following the onset of reperfusion.
Survival was evaluated for 240 min after the onset of
reperfusion and expressed as survival time. The arterial

catheter was connected to a pressure transducer. The pressure
pulse triggered a cardiotachometer, and arterial blood pressure
was displayed on a polygraph. Arterial blood pressure is

reported as mean arterial pressure (MAP) in mmHg. MAP was
measured at several time points: 0 min before occlusion
(basal), 45 min after occlusion of the splanchnic arteries (end
of occlusion) and 70 min following the onset of reperfusion

(end of reperfusion).

Isolated aortic rings

A second group of rats (n=56) was used to study vascular
reactivity, plasma nitrite/nitrate concentration, serum TNF-a
levels and iNOS protein induction and activity. In this group
of rats Cyclosporin A (CsA; 0.25; 0.5 and 1 mg kg71), 1400 W
(20 mg kg71), L-NAME (5 mg kg71) or vehicle (NaCl 0.9%
1 ml kg71) were injected intravenously 5 min following the

onset of reperfusion. Thoracic aortae were removed 70 min
after reperfusion and placed in cold Krebs' solution of the
following composition (nM): NaCl 118.4, KCL 4.7, MgSO4

1.2, CaCl2 2.5, KH2PO4 1.2, Na HCO3 25.0 and glucose 11.7;
then aortae were cleaned of adherent connective and fat tissue
and cut into rings of approximately 2 mm in length. In some

rings, the vascular endothelium was removed mechanically by
gently rubbing the luminal surface with a thin wooden stick.
Rings were then placed under 1 g of tension in an organ bath

containing 10 ml of Krebs' solution at 378C and bubbled with
95% O2 and 5% CO2 (pH 7.4). All experiments were carried
out in the presence of indomethacin (10 mM) in order to
exclude the involvement of prostaglandins and their metabo-

lites. Developed tension was measured with an isometric force
transducer and recorded on a polygraph (Ugo Basile, Varese,
Italy). After an equilibration period of 60 min during which

time the rings were washed with fresh Krebs' solution at 15 ±
20 min intervals and basal tension was readjusted to 1 g, the
tissue was exposed to phenylephrine (PE, 100 nM). When the

contraction was stable, the functional integrity of endothelium
was assessed by a relaxant response to acetylcholine (ACh,
100 nM). The tissue was then washed occasionally for 30 min.
Concentration-response curves were obtained by cumulative

concentrations of PE (1 nM± 10 mM) to intact or endothelium
denuded aortic rings. The results (mean+s.e.mean) are
expressed as g of tension mg71 tissue.

Nitrite/nitrate measurement

Nitric oxide release was determined spectrophotometrically by

measuring the accumulation of both nitrite and nitrate (the
latter is reduced to nitrite) in plasma. Plasma samples were
taken before occlusion (basal) and at the end of reperfusion

(70 min following the onset of reperfusion). Nitrate was
stoichiometrically reduced to nitrite by incubation of sample
(100 ml plasma) for 2 h at 378C, in the presence of

0.1 unit ml71 nitrate reductase (NAD[P]H: nitrate oxidore-
ductase, EC 1.6.6.2; Aspergillus species; Sigma Chemical Co.,
St. Louis, MO, U.S.A.) 120 mM, NADPH and 5 mM FAD

(¯avinadenine dinucleotide, Sigma Chemical Co., St. Louis,
MO, U.S.A.) in ®nal volume of 103 ml. After nitrate had been
reduced to nitrite, NADPH which interfered with the
subsequent nitrite determination was oxidized with

10 units ml71 L-lactic dehydrogenase (EC 1.1.127; type XI;
from rabbit muscle; Sigma Chemical Co., St. Louis, MO,
U.S.A.) and 10 mM sodium pyruvate for 30 min at 378C in a

®nal volume of 114 ml. Sodium nitrate was used as a standard.
Nitrite/nitrate concentration in plasma was assayed by a
standard Griess reaction (Ding et al., 1988). Brie¯y, 100 ml
plasma was incubated with an equal volume of Griess reagent
(1% sulphanilamide/0.1% naphtylenediamine dihydrochlor-
ide/2.5% H3PO3) at room temperature for 10 min. The

absorbance of the chromophore formed was determined at
540 nm using a microtiter plate reader. Nitrite concentrations
were calculated by comparison with a standard curve with
sodium nitrite and control baseline plasma as a blank.

Tissue preparation

Thoracic aortae were used for determination of iNOS. Rats
were killed by cardiac puncture 70 min following the onset of
reperfusion and thoracic aortae were immediately excised,

cleaned with PBS, frozen in liquid nitrogen, and stored at
7708C. Homogenates (25% w v71) were prepared in 10 mM

HEPES bu�er, pH 7.4, containing (mM) sucrose 320, EDTA 1,
DTT 1, 10 mg ml71 leupeptin, and 2 mg ml71 aprotinin at 08C
to 48C with the aid of a tissue grinder ®tted with a motor-
driven ground glass pestle. Homogenates were centrifuged at
12,0006g for 5 min at 48C to remove tissue debris without

precipitation of plasma membrane fragments. The supernatant
was used for determination of iNOS activity and protein mass.
Protein concentration was determined with a Bio-Rad kit.

iNOS activity assay

To determine calcium-independent iNOS activity in the
homogenates, production of L-[3H]-citrulline from L-[3H]-
arginine (7.4 kBq per tube) was measured in the presence of

10 mM L-arginine/1 mM NADPH/300 units of calmodulin per
ml/5 mM tetrahydrobiopterin/50 mM L-valine/1 mM EGTA for
30 min at room temperature. Reactions were stopped by

adding 1 ml of ice cold 20 mM HEPES bu�er, pH 5.5,
containing (mM) EDTA 2 and EGTA 2. After separation by
using Dowex 50 W (sodium form), L-[3H]-citrulline activity

was measured by counting scintillation (Beckman analytical
instruments S.p.A., Milan, Italy). Experiments performed in
the absence of NADPH determined the extent of L-[3H]-
citrulline formation independent of iNOS activity.
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Western blot analysis

Aorta tissue preparation (50 mg of protein) were size-

fractionated on 4 ± 12% Tris Glycine gel (Novex) at 120 V
for 3 h. In preliminary experiments, we found that the given
protein concentration was within the linear range of detection
of our Western blot technique. After electrophoresis, proteins

were transferred onto Hybond-ECL membrane (Amersham
Life Science Inc.) at 400 mA for 120 min using the Novex
transfer system. The membrane was prehybridized in 10 ml of

bu�er A (mM): (Tris-HCL 10 (pH 7.5), NaCl 100, 0.1% Tween
20, and 10% nonfat milk powder) for 1 h and hybridized for
an additional 1-h period in the same bu�er containing 10 ml of
the given anti iNOS monoclonal antibody (1 : 1000). The
membrane was then washed for 30 min in a shaking bath, with
the bu�er (bu�er A without nonfat milk) changed every 5 min

before 1 h of incubation in bu�er A plus goat anti-rat IgG-
horseradish peroxidase at the ®nal titer of 1 : 1000. Experi-
ments were carried out at room temperature. The washes were
repeated before the membrane was developed with a light-

emitting non radioactive method using ECL reagent (Amer-
sham Inc.). The membrane underwent autoluminography in a
darkroom with a ®xed camera for 1 ± 5 min. The captured

image, sent to an image analysis software (BIO-PROFIL
Celbio, Milan, Italy), was subjected to a densitometric analysis
and then printed on VPN-120 printer.

Biological assay for TNF-a activity

Killing of L929 mouse tumour cells were used to measure
TNF-a levels in serum on the basis of a standard micro-ELISA
assay (Altavilla et al., 1989). L929 cells in RPMI 1640 medium

containing 5% foetal calf serum were seeded at 361074 cells
per well in 96-well microdilution plates and incubated
overnight at 378C in an atmosphere of 5% CO2 in air. Serial

1 : 2 dilutions of serum (drawn at di�erent time points: 0, 10, 20
and 45 min of occlusion and 10, 20, 30, 40, 50, 60 and 70 min
of reperfusion) were made in the above-described medium

containing 1.0 mg of actinomycin D per ml and 100 ml volumes
of each dilution were added to the wells. One TNF-a unit was
de®ned as the amount giving 50% cell cytotoxicity. The TNF-a
content in the sample was calculated by comparison with a

calibration curve obtained with recombinant murine TNF-a.

Drugs

Acetylcholine chloride, phenylephrine hydrochloride, indo-

methacin, EGTA, EDTA, NADPH, nitrate reductase, sodium
nitrate, L-arginine and Dowex 50 W anion exchange were
obtained from Sigma Chemical Co., St. Louis, MO, U.S.A.

Cyclosporin A (Sandimmun) was obtained from Sandoz, S.p.
A. Milan, Italy. 1400 W was a kind gift from APHOGEPHA
Arzneimittel GmbH, (Dresden, Germany) and L-NAME was
purchased from SIGMA.

Statistical analysis

Data are expressed as means+s.e.mean and were analysed by
analysis of variance for multiple comparison of results;
Duncan's multiple range test was used to compare group

means. In all cases, a probability error of less than 0.05 was
selected as criterion for statistical signi®cance. For survival
data, statistical analysis was done with Fisher's exact
probability test.

Results

Survival

Table 1 shows survival time for the groups of rats subjected to

splanchnic artery occlusion shock or sham shock. All sham
rats survived the entire 240 min observation period. In
contrast in rats treated with the vehicle, occlusion and

reperfusion of the splanchnic region produced a profound
shock state characterized by a high lethality: no rat survived at
2 h of reperfusion (survival time=86+6 min). Administration

of cyclosporin A increased survival in shocked rats. Surviving
animals were still alive 24 h following the induction of
splanchnic artery occlusion shock. The highest dose of

cyclosporin A (1 mg kg71) produced the highest degree of
protection.

Treatment with the speci®c iNOS inhibitor 1400 W also
resulted in marked protection against the lethality induced by

splanchnic artery occlusion shock. In contrast the non-selective
inhibitor of NOS L-NAME did not a�ect survival in rats
subjected to splanchnic artery occlusion shock.

Plasma nitrite/nitrate

Plasma levels of nitrite/nitrate were very low in sham operated
rats treated either with vehicle or the highest dose of
cyclosporin A (Table 2). Nitrite/nitrate levels were signi®cantly

Table 1 E�ect of Cyclosporin A (CsA), 1400W and L-
NAME on survival in splanchnic artery occlusion (SAO)
shocked rats

Treatment
Survival

time (min)
Surviving
animals

Sham+vehicle (1 mg kg71) 4240 10/10
Sham+CsA (1 mg kg71) 4240 10/10
SAO+vehicle (1 mg kg71) 86+6* 0/10
SAO+L-NAME (5 mg kg71) 80+3 0/10
SAO+1400W (20 mg kg71) 238+5{ 9/10
SAO+CsA (0.25 mg kg71) 155+18 2/10
SAO+CsA (0.50 mg kg71) 220+12{ 6/10
SAO+CsA (1 mg kg71) 236+9{ 9/10

Each point represents the mean+s.e.mean from 10 rats.
*P50.01 vs Sham+vehicle; {P50.05 vs SAO+vehicle;
{P50.01 vs SAO+vehicle. Drugs or vehicle were injected
intravenously 5 min following the onset of reperfusion. The
occlusion period lasted 45 min.

Table 2 E�ect of Cyclosporin A (CsA), 1400W and L-
NAME on plasma nitrite/nitrate in splanchnic artery
occlusion (SAO) shocked rats

End of reperfusion
Treatment Plasma nitrite/nitrate (mM)

Sham+vehicle (1 mg kg71) 1.6+0.5
Sham+CsA (1 mg kg71) 1.5+0.7
SAO+vehicle (1 mg kg71) 75+7.1*
SAO+L-NAME (5 mg kg71) 56+9.1
SAO+1400W (20 mg kg71) 8+2.1{
SAO+CsA (0.25 mg kg71) 61+8.9
SAO+CsA (0.50 mg kg71) 33+8.4{
SAO+CsA (1 mg kg71) 11+5.2{

Each point represents the mean+s.e.mean from seven rats.
*P50.01 vs Sham+vehicle; {P50.05 vs SAO + vehicle;
{P50.01 vs SAO+vehicle. The plasma was drawn 70 min
following the onset of reperfusion. Drugs or vehicle were
injected intravenously 5 min following the onset of
reperfusion. The occlusion period lasted 45 min.
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increased in plasma collected from SAO rats at the end of
reperfusion period (70 min following the onset of reperfusion).
Treatment with cyclosporin A or 1400 W decreased plasma

nitrite/nitrate concentrations (Table 2). In contrast L-NAME
did not signi®cantly a�ect the circulating levels of nitrite/
nitrate (Table 2).

Vascular reactivity of aortic rings

In intact aortic rings prepared from splanchnic artery occlusion

shocked rats, the contractile response to phenylephrine (1 nM ±
10 mM)was signi®cantly reduced (Figure 1). Themaximum force
of contraction induced by 10 mM phenylephrine in aortic rings

from sham rats was 1.8+0.1 g mg71 tissue, whereas it was
0.6+0.2 g mg71 tissue in rings from splanchnic artery occlusion
shocked rats. Removal of the endothelium did not increase the

constrictor response elicited by phenylephrine in rat aortic rings
obtained from both sham operated animals and splanchnic
artery occlusion shocked rats (1.9+0.2 g mg71 and
0.5+0.09 g mg71, respectively). The contractile response to

phenylephrine in endothelium denuded aortic rings was also in
the absence of endothelium signi®cantly smaller in splanchnic
artery occlusion shocked rats than in sham operated animals.

Administration of cyclosporin A or 1400 W improved the
impaired contractile response to phenylephrine in shocked rats

(Figure 1). In contrast L-NAME administration did not cause
any signi®cant change in the reduced contractile response to
phenylephrineof aortic rings collected fromshocked rats (Figure

1).

Mean arterial blood pressure

Occlusion of the splanchnic arteries produced a marked
increase in mean arterial blood pressure. Subsequently mean
arterial blood pressure decreased upon the release of the

occlusion (Table 3). The administration of both cyclosporin A
and 1400 W signi®cantly blunted the reduction in mean
arterial blood pressure at the end of reperfusion (Figure 3).

In contrast L-NAME did not a�ect this delayed hypotension.

Serum TNF-a

Serum levels of TNF-a were undetectable in sham-operated
rats treated either with vehicle or cyclosporin A (results not
shown). Figure 2 shows the time course of the cytokine during

splanchnic artery occlusion shock. The serum levels of TNF-a
promptly rose 10 min following the onset of occlusion and
remained sustained for the entire duration of the experimental

protocol (Figure 2). Administration of cyclosporin A reduced
the serum levels of the in¯ammatory cytokine (Figure 2). In
contrast treatment with 1400 W or L-NAME did not change

the serum levels of TNF-a (results not shown).

Figure 1 Contractile response to cumulative doses of phenylephrine
(PE) in endothelium denuded aortic rings from sham-operated rats
and rats subjected to splanchnic ischaemia-reperfusion injury (SAO)
treated with vehicle (1 ml kg71 i.v, 5 min after the onset of
reperfusion), Cyclosporin A (CsA 0.25, 0.50 and 1 mg kg71 i.v.
5 min following the onset of reperfusion), L-NAME (5 mg kg71,
5 min following the onset of reperfusion) and 1400 W (20 mg kg71,
5 min following the onset of reperfusion). Aortae were removed
70 min following the onset of reperfusion. The occlusion period
lasted 45 min. Each point represents the mean+s.e.mean of seven
experiments. *P50.05 vs SAO+vehicle. #P50.01 vs SAO+vehicle.

Table 3 E�ect of Cyclosporin A (CsA), 1400W and L-NAME on mean arterial blood pressure (MAP; mmHg) in splanchnic artery
occlusion shocked rats

Treatment Basal (MAP) End of occlusion (MAP) End of occlusion (MAP)

Sham+vehicle (1 mg kg71) 90+3 92+5 93+6
Sham+CsA (1mg kg71) 91+3 93+8 90+7
SAO+vehicle (1 mg kg71) 92+9 141+10 22+7*
SAO+L-NAME (5 mg kg71) 93+7 142+12 35+10
SAO+1400W (20 mg kg71) 95+6 143+9 85+4{
SAO+CsA (0.25 mg kg71) 90+8 138+6 20+3
SAO+CsA (0.50 mg kg71) 89+4 134+7 49+4{
SAO+CsA (1 mg kg71) 89+8 136+7 81+10{

Each point represents the mean+s.e.mean from 10 rats. *P50.01 vs Sham+vehicle; {P50.05 vs SAO+vehicle; {P50.01 vs
SAO+vehicle. Mean arterial blood pressure was measured at several time points: just prior to occlusion (Basal), 45 min after occlusion
of the splanchnic arteries (end of occlusion) and 70 min following the onset of reperfusion (end of reperfusion). Drugs or vehicle were
injected intravenously 5 min following the onset of reperfusion. The occlusion period lasted 45 min.

Figure 2 E�ects of vehicle (1 ml kg71 i.v., 5 min after the onset of
reperfusion) or Cyclosporin A (CsA 0.25, 0.50 and 1 mg kg71 i.v.,
5 min following the onset of reperfusion) on serum TNF-a in rats
subjected to splanchnic ischaemia-reperfusion injury (SAO). The
occlusion period lasted 45 min. Each point represents the mean+s.e.
mean of seven experiments. *P50.01 vs SAO+vehicle; #P50.001 vs
SAO+vehicle.
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iNOS protein

Splanchnic artery occlusion shock resulted in a signi®cant

increase in iNOS protein induction and activity in thoracic
aortae removed 70 min following the onset of reperfusion
(Figure 3 and Table 4). Administration of cyclosporin A
reduced the increased iNOS induction and activity in shocked

animals (Figure 3 and Table 4)

Discussion

Cyclosporin A is a potent immunosuppressive agent used

clinically to prevent tissue reject. Interest in the understanding
of its biochemical mechanism of action has led to the discovery
of some unexpected protective e�ects in experimental models

of ischaemia-reperfusion injury and in toxic shock (Siesjo &
Siesjo, 1996; Massoudy et al., 1997; Miethke et al., 1993).
However the e�ect of cyclosporin A in splanchnic artery
occlusion shock has not yet been tested.

Our results show that Cyclosporin A administration was
able to increase the resistance of rats to the pathophysiological
consequence of splanchnic artery occlusion shock. The e�ect

was remarkable in terms of survival rate and improvement in
vascular failure. In fact this latter parameter was positively
a�ected by Cyclosporin A treatment: in fact the immunosup-

pressive agent, injected 5 min after the onset of reperfusion,
produced a marked increase in blood pressure and furthermore
aortic rings of Cyclosporin A treated rats exhibited a greater

contractile response to phenylephrine.

The mechanisms underlying the irreversible circulatory
failure have been the subject of intense investigations.

It has been proposed that the L-arginine/nitric oxide (NO)

pathway plays an important role in the pathogenesis of
circulatory shock. In fact the production of large amount of
NO by the inducible isoform of NOS (iNOS) contributes to the
delayed vascular decompensation and to the hyporeactivity of

the vasculature to vasoconstrictor agents observed in several
experimental models of circulatory shock (Szabo' & Thiemer-
mann, 1994; Moncada & Higgs, 1993, Thiemermann, 1994).

As far as splanchnic artery occlusion shock is concerned,
previous ®ndings have indicated that an increase in NO likely
derived by the iNOS might play an important role in the

pathophysiology of this type of experimental circulatory shock
(Squadrito et al., 1996). Indeed this hypothesis is con®rmed by
our experiments showing that 1400 W, a selective iNOS

inhibitor (Garvey et al., 1997), was able to protect against
the pathological sequelae associated with splanchnic artery
occlusion shock. In contrast L-NAME a non-selective inhibitor
of NOS failed to exert bene®cial e�ects in splanchnic artery

occlusion shock. This latter result is not surprising but
con®rms our previous data indicating also the presence of a
reduced production of endothelial NO in splanchnic artery

occlusion shock (Squadrito et al., 1996). Indeed this
endothelial dysfunction is reversed by antioxidant agents
(Squadrito et al., 1995), thus suggesting that oxidative stress

occurring during ischaemia with reperfusion of the splanchnic
region may be involved in determining the impairment in
endothelial derived NO release. L-NAME, by inhibiting

endothelial NOS, further worsens endothelial dysfunction and
does not in¯uence the outcome of rats subjected to splanchnic
artery occlusion shock.

Furthermore the present paper extends the previous

observations: in fact our shocked rats showed a marked
increase in iNOS protein induction and activity in the thoracic
aortae collected following 70 min of reperfusion.

The increased formation of NO by the iNOS implies that
this inducible form of NOS must be expressed in response to
certain immunological stimuli. TNF-a induces the expression

of iNOS in a number of cells including ®broblasts, glial cells,
cardiac myocytes and more speci®cally smooth muscle cells
(Busse & Mulsch, 1990).

iNOS requires at least 2 h to be expressed in vivo (Fukuto &

Chaudhuri, 1995). In agreement with this pattern of activation,
increased serum levels of TNF-a were already observed 10 min
following the onset of occlusion. Therefore we suggest that

TNF-a, at least in SAO shock, may represent one of the stimuli
involved in the priming of iNOS protein induction.

Our results also showed the presence of a reduced vascular

sensitivity to vasoconstrictor stimuli in aortic rings collected
70 min following the onset of reperfusion. This impaired
vascular reactivity is not due to an increased production of

eicosanoids since experiments were carried out in the presence
of indomethacin but, as suggested for other models of
experimental shock (Thiemermann et al., 1993), may be a
consequence of an overproduction of NO by the inducible NO

synthase (iNOS): in agreement with this ®nding 1400 W, a
speci®c iNOS inhibitor markedly reverted the vascular
impairment and blunted the increased levels of plasma

nitrite/nitrate, thus con®rming that NO derived by the
inducible NOS is likely to be involved in the vascular
derangement of splanchnic artery occlusion shock.

In the present paper aortic rings collected from rats
subjected to ischaemia-reperfusion injury and treated with
Cyclosporin A exhibited a greater contractile response to
phenylephrine when compared to vehicle treated rats.

Figure 3 E�ect of vehicle (1 ml kg71 i.v., 5 min after the onset of
reperfusion) or Cyclosporin A (CsA, 1 mg kg71 5 min after the onset
of reperfusion) on the induction of iNOS protein in aortae collected
70 min following the onset of reperfusion in splanchnic artery
occlusion (SAO; 45 min of occlusion) shocked rats.

Table 4 E�ect of Cyclosporin A (CsA) on iNOS activity in
aortae collected 70 min following the onset of reperfusion in
splanchnic artery occlusion (SAO) shocked rats

iNOS activity, pmol of L-citrulline
(30 min 30 mg protein71)

Treatment Aorta

Sham+vehicle (1 mg kg71) 6+3.1
Sham+CsA (1 mg kg71) 5+4.7
SAO+vehicle (1 mg kg71) 45+6.5*
SAO+CsA (0.25 mg kg71) 38+9.3
SAO+CsA (0.50 mg kg71) 18+3.9{
SAO+CsA (1 mg kg71) 9+4.4{

Each point represents the mean+s.e.mean from seven rats.
*P50.01 vs Sham+vehicle; {P50.05 vs SAO+vehicle;
{P50.01 vs SAO+vehicle. Aortae were removed 70 min
following the onset of reperfusion. Drugs or vehicle were
injected intravenously 5 min following the onset of
reperfusion. The occlusion period lasted 45 min.
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Furthermore the in vivo administration of the immunosup-
pressant agent blunted iNOS expression and activity in
thoracic aortae. In agreement with these ®ndings, it has been

shown that the Cyclosporin A inhibits nitric oxide synthase
induction in vascular smooth muscle cells (Akita et al., 1994;
Marumo et al., 1995) rather than its activity (Hattori &
Nakanishi, 1995).

Collectively, these results would suggest that Cyclosporin A
inhibits the expression of iNOS protein. This could explain
why the drug caused a reduction in plasma nitrite/nitrate

levels, ameliorated vascular tone and protected against
splanchnic artery occlusion shock.

In conclusion we have shown that Cyclosporin A inhibits

iNOS protein expression and activity. The Cyclosporin A-
induced inhibition of NO production, at least in splanchnic
ischaemia-reperfusion injury, enhances blood pressure, in-
creases survival, and improves vascular dysfunction. These

®ndings would suggest that iNOS inhibition may contribute, at
least in part, to the acute vasoprotective e�ects of Cyclosporin
A during low ¯ow states such as circulatory shock.
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