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1 Tumour necrosis factor (TNF-a) is a pleiotropic cytokine which is deeply involved in the
pathogenesis of splanchnic artery occlusion (SAO) shock. Tacrolimus, formerly known as FK506, is
a macrolide antibiotic, that blocks the transcription of several proin¯ammatory cytokines including
TNF-a.
2 Male anaesthetized rats 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 rate (0% at 4 h of reperfusion,
while sham shocked rats survived more than 4 h), enhanced serum TNF-a concentrations
(415+12 U ml71), decreased mean arterial blood pressure (MAP), leukopenia and increased ileal
leukocyte accumulation studied by means of myeloperoxidase activity (MPO=7.5+0.3 U g71

tissue). Moreover aortic rings from shocked rats showed a marked hyporeactivity to phenylephrine
(PE, 1 nM± 10 mM), reduced responsiveness to acetylcholine (ACh, 10 nM ± 10 mM) and increased
staining for intercellular adhesion molecule-1 (ICAM-1). Furthermore increased mRNA for TNF-a
was observed in peritoneal macrophages of SAO shocked rats.

3 Tacrolimus (100 mg kg71, 5 min after splanchnic arteries occlusion) increased survival rate
(SAO+Tacrolimus=100% at 4 h of reperfusion), reverted the marked hypotension, reduced serum
TNF-a (15+3 U ml71), ameliorated leukopenia, reduced ileal MPO (0.9+0.01 U g71 tissue),
restored to control values the hyporeactivity to PE, improved the reduced responsiveness to ACh
and blunted the enhanced immunostaining for ICAM-1 in the aorta. Finally tacrolimus suppressed
cytokine mRNA levels in peritoneal macrophages.

4 The data suggest that tacrolimus may represent a new therapeutic approach in circulatory shock.
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Introduction

Tacrolimus (formerly known as FK506) is a macrolide
antibiotic produced from the fermentation broth of Strepto-
myces tsukubaenis. Although it bears no structural homology

to the immunosuppressant cyclosporin (CsA), its mode of
action closely parallels that of the latter drug. Tacrolimus
di�ers from (CsA) in its potency, exhibiting similar in vitro

e�ects at concentrations 100 times lower than those of CsA
(Kino et al., 1987).

Tacrolimus appears to exert its e�ects principally by
altering gene expression in target cells (Bierer et al., 1991). It

binds to speci®c cellular proteins of the immunophilin class
termed FK506-binding proteins (FKBPs), of which at least
four have been described: FKBPs 12, 13, 25 and 59 (Fruman et

al., 1994; Schreiber, 1991).
These proteins have peptidyl-prolyl-cis-trans isomers, or

rotamase activity, and are postulated to accelerate protein

folding. The complex tacrolimus-FKBP inhibits calcineurin
phosphatase, thus blunting calcium-dependent events such as
interleukin-2 gene transcription, nitric synthase activation, cell
degranulation and apoptosis (Wiederrecht et al., 1993).

Immunophilins of the FKBP class have been identi®ed
associated with the glucocorticoid and progesteron receptors.

Tacrolimus binds to the steroid receptor-associated heat-shock
protein 56 (hsp56), thus protecting the glucocorticoid receptor
from inactivation and degradation (Schmitt et al., 1993; Tai et

al., 1992). This results in enhanced translocation of the
glucocorticoid receptor to the nucleus, with subsequent
potentiation of binding of the steroid receptor to the

glucocorticoid receptor response element (Ning & Sanchez,
1993; Oyanagui, 1994). Thus transcription of several proin-
¯ammatory cytokines, including Interleukin-1 (IL-1) and
Tumour Necrosis Factor (TNF-a) is inhibited (Ray et al.,

1990; Guyre et al., 1988). Indeed tacrolimus has been shown to
a�ect endotoxin-induced pathologies (Hattori & Nakanishi,
1995; Whitcup et al., 1998), nitric oxide generation as a

predictive parameter of acute allograft rejection (Devlin et al.,
1994), Intercellular adhesion molecule 1 (ICAM-1) expression
(Arreaza et al., 1995; Hayashi et al., 1996) and nitric oxide

generation in smooth muscle cells (Akita et al., 1994).
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., 1996). It has been
demonstrated that in SAO shock a marked and composite
vascular dysfunction is present in which TNF-a plays an

important role (Squadrito et al., 1994a). Indeed aortic rings
from shocked rats showed a marked hyporeactivity to*Author for correspondence; E-mail: squadrito@csnet.it
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phenylephrine and removal of endothelium did not restore the
phenylephrine-induced contractile responses to the values of
the sham animal, thus suggesting that smooth muscle cells are

involved in the hyporesponsiveness to phenylephrine. This
complex dysfunction is probably the result of an increase in the
endogenous NO produced by the inducible NO synthase
activated by TNF-a.

Therefore the aim of our study was to investigate whether
tacrolimus exerts protective e�ects on the pathological sequelae
associated with SAO shock, by reducing TNF-a and modulat-

ing vascular dysfunction. We found that tacrolimus inhibits the
in¯ammatory cytokine reverts vascular failure and therefore it
may represent a new treatment for acute circulatory shock.

Methods

Animal preparation

Male Sprague-Dawley rats weighing 200 ± 250 g were per-

mitted 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 a warmed 0.9% NaCl solution. Rats

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 occlusion

shock (SAO) was induced by clamping both the superior
mesenteric artery and the celiac 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 4 h.

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

Survival evaluation and arterial blood pressure
monitoring

A ®rst group of animals was used to study survival and arterial
blood pressure. Tacrolimus (25; 50 and 100 mg kg71 as an i.v.
infusion of 0.5 ml kg71 min71) or vehicle (NaCl 0.9%;
0.5 ml kg71 min71 for 15 min as an i.v. infusion) were injected

5 min following the onset of reperfusion. We chose this dosage
regimen of tacrolimus in agreement with previous experiments
in the rat (Matsuda et al., 1998; Wakita et al., 1998). Survival

was evaluated for 4 h after the onset of reperfusion and
expressed either as survival rate or survival time. A group of
animals was also implanted with cannulae (PE 50) into the left

common carotid artery, as described elsewhere (Squadrito et
al., 1994a). 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. Rats were subjected to the same
experimental protocol as described above.

Biological assay for tumour necrosis factor-a activity

A third group of animals was used to measure TNF-a,
myeloperoxidase activity, leukocyte count, vascular reactivity
and intercellular adhesion molecule-1 (ICAM-1) expression on

vascular endothelium.
Killing of L929 mouse tumour cells was used to measure

TNF-a levels in serum and in peritoneal macrophage super-
natants on the basis of a standard microelisa assay (Ru� &

Gi�ord, 1980). L929 cells in RPMI 1640 medium containing
5% foetal calf serum were seeded at 36104 cells per well in 96-
well microdilution plates and incubated overnight at 378C in

an atmosphere of 5% CO2 in air. Serial 1 : 2 dilution of serum
(drawn 70 min following the onset of reperfusion) and
supernatants of peritoneal macrophages, harvested at the
same time as the serum using a previously described method

(Altavilla et al., 1989), 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 recombi-

nant murine TNF-a (Nuclear Laser Medicine, Milan, Italy).
To test whether the cytotoxicity was due to the presence of
TNF-a or to other factor(s), we preincubated our samples for

2 h at 378C with an excess of rabbit anti recombinant murine
TNF-a polyclonal antibodies (Nuclear Laser Medicine, Milan,
Italy), or with control rabbit serum. Our results showed that
cytotoxicity against L929 cells was completely neutralized by

rabbit anti recombinant TNF-a polyclonal antibodies, but not
by control rabbit serum.

Extraction of mRNA from peritoneal macrophages and
polymerase chain reaction

Macrophages were obtained at di�erent time points (0. 25 and
45 min of occlusion and 10 and 70 min following the release of
occlusion) by peritoneal lavage with RPMI (1640) from animals

subjected to either sham shock or SAO shock. Macrophages
were counted and diluted to 106/ml. the cells were then incubated
in Petri dishes at 378C in a humidi®ed 5% CO2 atmosphere for
1 h. After adhesion of the cells to coverslips in Petri dishes for

1 h and removal of nonadherent cells by washing, macrophages
were lysed directly in the culture dish by the addition of
RNAzolTMB (1 ml per 3.5 cm Petri dish or 10 cm2). RNA was

solubilized by passing the lysate few times through the pipette.
One-hundred-nanogram samples of mRNA were transcribed
into cDNAusing 400-U reverse transcriptase (200 U ml71; BRL

U.S.A.) and 0.5 mg oligo(dT) 12 ± 18 primer (BRL) for 30 min at
428C. The reactionmixture (50 ml) conatined (mM): Tris-HCl 25
(pH 8.3), KCl 37.5 dithiothreitol (DTT) 10 MgCl2 1.5 and
dNTP 10 of each (Perkin Elmer U.S.A.). Polymerase chain

reaction (PCR) primers for TNF-a and glyceraldehyde 3-
phosphate dehydrogenase (G3PDH) were purchased from
Celbio S.r.l. (Milan, Italy). G3PDH mRNA transcripts were

monitored to determine constitutive expression. An aliquot
containing one-tenth of the cDNA synthesized from mRNA
was ampli®ed in a 50-ml volumewith the reagents supplied in the

GeneAMP PCR kit (Perkin Elmer, U.S.A.). Using the
HBTRE02 Hybaid Thermal Cycler (Celbio, Milan, Italy)
ampli®cation was initiated by 1 min denaturation at 948C for

one cycle and then followed by three temperature steps for PCR
including 30 s of denaturation at 948C, 30 s of annealing at 558C
and 1 min of polymerization at 728C. This process was
continued for 25, 30 or 35 cycles of ampli®cation depending

on the abundance of the cytokinemessage. After the last cycle of
ampli®cation, the samples were incubated for 7 min at 728C.An
aliquot of each ampli®ed sample was electrophoresed through

2% agarose (UltraPure, molecular biology grade, Sigma) and
stained with 0.5 mg ethidium bromide ml71 in tris-Borate
ethylene diaminetetracetic acid (EDTA) bu�er. The resultant

gel was illuminated in a darkroom with a ®xed camera. 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.
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Myeloperoxidase activity and leukocyte count

Leukocyte accumulation was investigated using the activity of

myeloperoxidase (MPO). MPO activity was determined in
intestinal mucosa, as previously reported (Mullane et al.,
1985). The samples of intestinal mucosa were obtained at
0 min before occluding the splanchnic arteries and at 70 min

following the onset of reperfusion. The samples were ®rst
homogenized in a solution containing 20 mM of potassium
phosphate bu�er (pH 7.4), 0.01 M EDTA, 50 U ml71 of a

protease inhibitor (aprotinin) in proportions of 1 : 10 (w v71)
and then centrifuged for 30 min at 20,0006g at 48C. The
supernatant of each sample was then discarded and the pellet

was immediately frozen on dry ice. The samples were kept at a
temperature of 08C for 14 h before sonication. After thawing,
the resulting pellet was added to a bu�er solution consisting of

0.5% hexacyltrimethylammonium bromide (Sigma Chemical
Co., St. Louis, MO, U.S.A.) dissolved in 50 mM potassium
phosphate bu�er (pH 6) containing 30 U ml71 of protease
inhibitor. Each sample was then sonicated (intensity 2) for

1 min at a temperature of 48C. After sonication the samples
were allowed to chill on ice for approximately 30 min, and
then they were centrifuged for 30 min at 40,0006g at 48C. An

aliquot of the supernatant was then allowed to react with
0.167 mg ml71 o-dianisidine dihydrochloride (Sigma Chemical
Co., St. Louis, MO, U.S.A.) and 0.001% H2O2 and the rate of

change in absorbance was measured at 405 nm in a microtitre
plate reader. MPO activity was de®ned as the quantity of
enzyme degrading 1 mmol of peroxide min at 258C and was

expressed in units g weight (U g71 of tissue). Tail vein blood
samples for the leukocyte count were taken at 0 min before
initiating reperfusion and at 70 min after the onset of
reperfusion. The number of leukocytes (WBC61036mm3) is

reported as mean+s.e.mean.

Isolated aortic rings

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, NaHCO3 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 metabolites. Devel-
oped tension was measured with an isometric force
transducer and recorded on a polygraph (Ugo Basile, Varese,

Italy). After an equilibrium 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 endothe-
lium was assessed by a relaxant response to acetylcholine
(ACh, 100 nM). The tissue was then washed occasionally for

30 min. Endothelium-dependent relaxation was evaluated
with cumulative concentrations of ACh (10 nM± 1 mM) in
aortic rings precontracted with PE (100 nM). Relaxation of

the rings was calculated as a per cent decrease of contractile
force. Concentration-response curves were obtained by
cumulative concentrations of PE (1 nM± 10 mM) to intact or
endothelium denuded aortic rings.

Immunohistochemistry

ICAM-1 expression was studied in thoracic aortae and in

superior mesenteric arteries collected 70 min following the
release of occlusion. Immunohistochemical evaluation was
accomplished by staining 5 mm-thick cryostat sections accord-
ing to the avidin-biotin-peroxidase complex procedure (Hsu et

al., 1981). An average of seven sections per immunohistochem-
ical stain was cut from each sample, airdried for 30 min and
then ®xed in cold acetone for 10 min. Endogenous peroxidases

were blocked with horse serum for 15 min at room temperature
prior to incubation with primary antibodies. Monoclonal
antibodies consisted of mouse monoclonal antibodies raised

against rat ICAM-1 (clone: IA 29, subclass IgG1) and were
obtained from British Bio-technology Products Ltd (Abing-
don, U.K.). A monoclonal mouse IgG1 antibody was used for

controls. Biotinylated, species-speci®c second layer reagents
were then applied, followed by avidin-biotin-horse radish
peroxidase complex as a chromogenic substrate, as previously
reported (Squadrito et al., 1992). The experiments were carried

out by two observers (PC, GF) who were unaware of the
experimental protocol. The microscope image was sent to a
computer assisted image analyzer that analysed the changes in

staining. Densitometric analysis of the captured image was
performed on a PC computer using an image analysis software.

Drugs

Acetylcholine chloride, phenylephrine hydrochloride and

indomethacin were obtained from Sigma Chemical Co. (St.
Louis, MO, U.S.A.). Tacrolimus was obtained from APHO-
GEPHA Arzneimittel GmbH, Dresden, Germany.

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 summarizes survival rate, percentage survival and

survival time for the groups of rats subjected to splanchnic
artery occlusion shock or sham shock. All sham rats survived
the entire 4 h 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
73+11 min). Administration of tacrolimus increased in a

dose-dependent manner survival rate and time in SAO rats.
Surviving animals were still alive 24 h following the induction
of splanchnic artery occlusion shock.

Serum and macrophage TNF-a

Serum and macrophage levels of TNF-a were undetectable in
sham operated rats treated either with vehicle or tacrolimus.
TNF-a was signi®cantly increased in both serum and
macrophages collected from SAO rats at the end of the
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reperfusion period (Table 2). The administration of tacrolimus
signi®cantly blunted the macrophage and serum levels of this
cytokine.

TNF-a mRNA expression in peritoneal macrophages

Figure 1 shows representative autoradiograms highlighting
mRNA expression for TNF-a in peritoneal macrophage of
SAO shocked rats treated with vehicle or tacrolimus. Increased

macrophage mRNA levels of TNF-a were found in SAO
shocked rats treated with vehicle 25 min after occlusion of
arteries and were signi®cantly increased during reperfusion.

The administration of tacrolimus markedly suppressed
macrophage TNF-a expression (Figure 1).

Leukocyte in®ltration

Leukocyte in®ltration was determined by measurement of the
myeloperoxidase (MPO) activity in rats at di�erent times:

0 min before occlusion (basal; at the beginning of the
experiment) and 70 min following the onset of reperfusion.
MPO levels were signi®cantly increased in the ileum

(7.5+0.3 U g71 tissue) at 70 min after reperfusion (Table 3)
in SAO shocked rats treated with the vehicle.

Administration of tacrolimus signi®cantly lowered the

increase in ileal (0.9+0.01 U g71 tissue) MPO activity (Table
3).

Leukocyte count

The administration of vehicle or tacrolimus did not modify the
white blood cell count in sham-operated rats (Table 3). In

contrast, splanchnic occlusion shock produced a marked

leukopenia. Leukocyte count was markedly decreased at the
end of reperfusion (70 min). The administration of tacrolimus

signi®cantly ameliorated this leukopenia (Table 3).

ICAM-1 staining on vascular endothelium

ICAM-1 presence was studied in thoracic aorta and in superior
mesenteric arteries collected 70 min following the release of
occlusion. Immunohistochemical evaluation indicated that a

very low constitutive staining of ICAM-1 was present in sham
operated animals (Figure 2). By contrast samples obtained
from SAO shocked rats had an increase in ICAM-1 staining.

Aortic and mesenteric endothelium obtained from SAO
shocked rats treated with tacrolimus showed a marked
reduction in ICAM-1 immunostaining (Figure 2).

Vascular reactivity of aortic rings

Addition of phenylephrine (PE; 100 nM) to the organ bath

contracted intact aortic rings (80 ± 90% of the maximum
response). These rings were relaxed in a concentration-
dependent manner by ACh (10 nM± 10 mM). The relaxant

e�ect of ACh was signi®cantly smaller in aortic rings obtained

Table 1 E�ects of tacrolimus on survival rate, percentage survival and survival time in splanchnic artery occlusion (SAO) shock

Hours following the onset of reperfusion
2 4

Treatment Surviving (%) Surviving (%) Survival time (min)

Sham+vehicle
Sham+tacrolimus (100 mg kg71)
SAO+vehicle
SAO+tacrolimus (25 mg kg71)
SAO+tacrolimus (50 m kg71)
SAO+tacrolimus (100 mg kg71)

10/10
10/10
0/10
0/10
6/10
10/10

100
100
0
0
60*
100**

10/10
10/10
0/10
0/10
4/10
10/10

100
100
0
0
40
100*

4240
4240
73+11
76+9
164+13*
4240

Tacrolimus (25, 50 and 100 mg kg71 as an i.v. infusion of 0.5 ml kg71 min71) or vehicle (NaCl 0.9%; 0.5 ml kg71 min71 for 15 min as
an i.v. infusion) were injected 5 min following the onset of reperfusion. Survival was monitored for 4 h. *P50.05 vs SAO+vehicle;
**P50.001 vs SAO+vehicle.

Table 2 E�ects of tacrolimus on serum and macrophage
tumour necrosis factor-a (TNF-a) in splanchnic artery
occlusion (SAO) shock

Serum TNF-a Macrophage TNF-a
Treatment (Uml71) (Uml71)

Sham+vehicle
Sham+tacrolimus
SAO+vehicle
SAO+tacrolimus

N.D.
N.D.

415+12
15+3*

N.D.
N.D.

201+11
9+4*

Serum and macrophages were collected 70 min following the
onset of reperfusion. Each point represents mean+s.e.mean
from six experiments. Animals received tacrolimus
(100 mg kg71 as an i.v. infusion of 0.5 ml kg71 min71) or
vehicle (NaCl 0.9%; 0.5 ml kg71 min71 for 15 min as an i.v.
infusion) 5 min following the onset of reperfusion.
*P50.001 vs SAO+vehicle. N.D., not detectable.

Figure 1 Macrophage TNF-a mRNA expression in peritoneal
macrophages harvested at di�erent time points in rats subjected to
splanchnic artery occlusion (SAO) shock and treated with tacrolimus
(100 mg kg71 as an i.v. infusion of 0.5 ml kg71min71) or vehicle
(NaCl 0.9%; 0.5 ml kg71 min71 for 15 min as an i.v. infusion), both
injected 5 min following the onset of reperfusion.
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from SAO shocked rats than from sham-operated rats (Figure
3). Administration of tacrolimus signi®cantly improved the
responsiveness of aortic rings obtained from SAO shocked rats

to ACh (Figure 3).
In intact aortic rings prepared from SAO shocked rats, the

contractile response to PE (1 nM± 10 mM) was signi®cantly
reduced. The maximum force of contraction induced by 10 mM
PE in aortic rings from sham rats was 1.7+0.8 g mg71 tissue,
whereas it was 0.9+0.3 g mg71 tissue in rings from SAO
shocked rats. Removal of the endothelium did not increase the

constrictor response elicited by PE in rat aortic rings obtained
from both SAO shocked rats and sham operated animals
(Figure 4). However, the contractile response to PE in

endothelium denuded aortic rings was also signi®cantly smaller
in SAO shocked rats than in sham operated animals.
Administration of tacrolimus improved the impaired contrac-

tile response to PE in SAO rats (Figure 4).

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 (Figure 5). The administration of tacrolimus
signi®cantly blunted the reduction in mean arterial blood
pressure (Figure 5).

Discussion

It has been suggested that the pleiotropic cytokine TNF-a
plays an important role in the pathogenesis of splanchnic
artery occlusion shock (Squadrito et al., 1992). In fact TNF-a
may induce vascular dysfunction and cause leukocytes to
adhere to the vascular endothelium where they discharge
deleterious mediators (i.e. oxygen free radicals, leukotrienes,

cytokines etc) able to amplify the vascular damage. This latter
phenomenon involves the interaction between several adhesive
receptors (adhesion molecules) present on both the endothelial

and leukocyte surfaces.

As far as vascular dysfunction is concerned, it has been
suggested that TNF-a may impair the release of NO from
endothelial cells (Aoki et al., 1990), thus leading to a reduced

production of endothelial-derived relaxing factor. However,
administration of recombinant human TNF-a in conscious
rats has been reported to induce a decrease in mean arterial
blood pressure and to produce vascular hyporesponsiveness to

contractile agents that is reversed by inhibitors of NO synthesis
(Takahashi et al., 1992). This phenomenon is likely due to a
TNF-a-induced stimulation of the Ca2+ independent NO

synthase in vascular smooth muscle (Busse & Mulsch, 1990).
Recent evidence has suggested that adhesion mechanisms

supporting leukocyte adhesion and accumulation to the

endothelium are present in ischaemic states (Simmons et al.,
1988; Ioculano et al., 1994).

Splanchnic artery occlusion shock is an experimental model

characterized by the presence of adhesion mechanism for
leukocyte accumulation (Squadrito et al., 1994b) and by a
marked vascular dysfunction (Squadrito et al., 1994a). We
have shown that these two important pathological aspects of

this type of experimental model of circulatory shock are due to

Table 3 E�ects of tacrolimus on myeloperoxidase (MPO)
activity of ileum and on white blood cell count (WBC) of
rats subjected to splanchnic artery occlusion (SAO) shock

Time (min)
Basal Reperfusion
0 70

MPO activity in ileum
(Ug71 tissue)

Sham+vehicle
Sham+tacrolimus
SAO+vehicle
SAO+tacrolimus

0.3+0.01
0.6+0.06
0.5+0.03
0.7+0.05

0.4+0.02
0.5+0.04
7.5+0.3
0.9+0.01*

White blood cell count
WBC716103mm3

Sham+vehicle
Sham+tacrolimus
SAO+vehicle
SAO+tacrolimus

11.7+1.5
11.1+3.1
13.9+3.2
12.8+1.6

12.6+1.8
11.9+1.5
5.8+2.1
11.6+3.8*

Each point represents the mean+s.e.mean of seven experi-
ments. *P50.001 vs SAO+vehicle. Animals received tacro-
limus (100 mg kg71 as an i.v. infusion of 0.5 ml kg71 min71)
or vehicle (NaCl 0.9%; 0.5 ml kg71 min71 for 15 min as an
i.v. infusion) 5min following the onset of reperfusion.

Figure 2 E�ects of tacrolimus (100 mg kg71 as an i.v. infusion of
0.5 ml kg71 min71) or vehicle (NaCl 0.9%; 0.5 ml kg71 min71 for
15 min as an i.v. infusion), both injected 5 min following the onset of
reperfusion, on immunohistochemical staining for ICAM-1 in aortic
(Aorta) and superior mesenteric artery (SMA) endothelium from rats
subjected to splanchnic artery occlusion (SAO) shock. Each point
represents the mean+s.e.mean of seven experiments. *P50.01 vs
SAO+vehicle.

Figure 3 Relaxant e�ects of acetylcholine (ACh) in aortic rings
(contracted with phenylephrine, 100 nM) of sham operated rats and
rats subjected to splanchnic artery occlusion (SAO) shock treated
with tacrolimus (100 mg kg71 as an i.v. infusion of
0.5 ml kg71 min71) or vehicle (NaCl 0.9%; 0.5 ml kg71 min71 for
15 min as an i.v. infusion), both injected 5 min following the onset of
reperfusion. Each point represents the mean+s.e.mean from six
experiments. *P50.01 vs SAO+vehicle.
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increased production of TNF-a. Tacrolimus has been shown to
suppress several cytokines including TNF-a. Therefore we test
the hypothesis that tacrolimus may exert anti-shock e�ect in

vivo by an inhibition of this in¯ammatory cytokine, and we
investigated the e�ects of tacrolimus in splanchnic artery
occlusion shock. We in fact decided to study the antishock
e�ect of Tacrolimus in SAO shock, primarily because TNF-a
plays a pivotal role in pathogenesis of this type of experimental
shock (Squadrito et al., 1992).

Our results indicate that tacrolimus reduced the enhanced
macrophage and serum levels of TNF-a. This e�ect is a
consequence of a direct inhibition of this in¯ammatory

cytokine: in fact macrophages harvested at several time points
from splanchnic artery occlusion shocked rats showed a
marked increase in mRNA levels for TNF-a. Indeed peritoneal
macrophages represent one of the most important sources of

TNF-a in SAO shock (Squadrito et al., 1992). Tacrolimus
blunted the message for the in¯ammatory cytokine. This
®nding is in agreement with previous ®ndings showing that

tacrolimus may down regulate the production of this cytokine,
via an inhibition of the mRNA for TNF-a (Guyre et al., 1988).

The administration of tacrolimus reduced ICAM-1 expres-

sion, ameliorated leukopenia and decreased MPO activity, an
index of leukocyte administration. Since leukocyte-endothelial
interaction (more speci®cally the ICAM-1 dependent leukocyte

adhesion) is primed by TNF-a, it can be proposed that
tacrolimus, by inhibiting this in¯ammatory cytokine, limits
leukocyte accumulation at the ischaemic sites and ®nally
protects against SAO shock.

Aortic rings from rats subjected to splanchnic artery
occlusion shock had a marked reduced responsiveness to
vasorelaxant e�ects of ACh: this ®nding would indicate the

presence of a reduced NO production in this type of
experimental shock. However our results also showed the
presence of a reduced vascular sensitivity to vasoconstrictor

stimuli. This impaired vascular reactivity, as suggested for
other models of experimental shock (Szabo & Thiemermann,
1994; Thiemermann et al., 1993; Moncada et al., 1991), is a

consequence of an overproduction of NO by the inducible NO
synthase (iNOS) (Squadrito et al., 1994a). Therefore all these
data, taken together, suggest that in splanchnic artery
occlusion shock (i) NO generated by the endothelial NO

synthase (eNOS) is blunted, while (ii) NO produced by the
iNOS is increased. These opposite e�ects in splanchnic
ischaemia-reperfusion injury are induced by TNF-a (Squadrito

et al., 1994a). This in¯ammatory cytokine in fact either inhibits
eNOS and stimulates iNOS. This hypothesis is con®rmed by
the evidence that an inhibitor of TNF-a synthesis is able to

revert this complex vascular dysfunction (Squadrito et al.,
1994a). In the present paper aortic rings collected from rats
subjected to SAO shock and treated with tacrolimus exhibited
a greater contractile response to PE and improved responsive-

ness to ACh when compared to vehicle treated rats. Thus it can
be hypothesized that tacrolimus improve dysfunction by
inhibiting the detrimental vascular e�ects of TNF-a.

In conclusion we have shown that tacrolimus inhibits TNF-
a: the tacrolimus-induced inhibition of this in¯ammatory
cytokine, at least in splanchnic artery occlusion shock,

increases survival, reduces ICAM-1 expression and leukocyte
in®ltration in the ileum and improves vascular dysfunction.
These ®ndings would suggest that TNF-a inhibition may

contribute, at least in part, to the acute vasoprotective e�ects
of tacrolimus.

Figure 4 Contractile response to cumulative doses of phenylephrine
(PE) in endothelium denuded aortic rings from sham-operated rats
and rats subjected to splanchnic artery occlusion (SAO) shock treated
with tacrolimus (100 mg kg71 as an i.v. infusion of 0.5 ml
kg71 min71) or vehicle (NaCl 0.9%; 0.5 ml kg71 min71 for 15 min
as an i.v. infusion), both injected 5 min following the onset of
reperfusion. Each point represents the mean+s.e.mean of seven
experiments. P50.02 vs SAO+vehicle.

Figure 5 E�ects of tacrolimus (100 mg kg71 as an i.v. infusion of
0.5 ml kg71 min71) or vehicle (NaCl 0.9%; 0.5 ml kg71 min71 for
15 min as an i.v. infusion), both injected 5 min following the onset of
reperfusion, on mean arterial blood pressure (MAP) of sham
operated rats and rats subjected to the splanchnic artery occlusion
(SAO) shock. Each point represents the mean+s.e.mean of six
experiments. *P50.01 vs SAO+vehicle.
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