
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

EL PRECONDICIONAMIENTO ISQUÉMICO COMO ESTRATEGIA 
QUIRÚRGICA ÚTIL EN EL TRASPLANTE HEPÁTICO CON 

INJERTO DE TAMAÑO REDUCIDO 

Rosa Franco Gou 

Universidad de Barcelona 
Departamento de Fisiología Animal 

2006 

TESIS DOCTORAL



4. RESULTADOS 





Resultados

4.1. PRIMER ESTUDIO 

PROTECTION OF REDUCED-SIZE LIVER FOR TRANSPLANTATION 

Franco-Gou R , Peralta C, Massip-Salcedo M, Xaus C, Serafín A, 

Roselló-Catafau J 

American Journal of Transplantation, 2004;4:1408-1420 

El PC resultó en unos niveles de transaminasas y de grado 3 de necrosis 

menores, respecto el grupo ROLT; el estudio histológico mostró menos áreas de 

necrosis y más pequeñas en el grupo precondicionado. Por otro lado, el PC aumentó 

el índice de marcaje de PCNA y los niveles de HGF en plasma y en hígado. 

El PC no fue capaz de modificar el “pool” de nucleótidos de adenina al final del 

periodo de isquemia fría y después de la reperfusión, por lo que la relación ATP/ADP y 

la carga energética fueron del mismo orden que en grupo trasplante. 

En cuanto a los parámetros de estrés oxidativo, el PC redujo todos ellos (MDA,

LPO y H2O2) después del ROLT, pero no fue a través de cambios en el sistema

xantina/XOD, ya que el PC no modificó la actividad XDH/XOD, ni la acumulación de

hipoxantina y xantina. En cambio, la inhibición de la células de kupffer en el grupo

trasplante redujo los parámetros de estrés oxidativo, lesión hepática y mejoró la

regeneración hepática (PCNA y HGF). Los niveles de IL-6 y TNF- , que aumentaron 

después del trasplante no fueron modificados con la aplicación del PC.

La modulación en la síntesis de NO en animales trasplantados con o sin PC 

indicó la implicación de este mediador en la protección del PC frente a la lesión por I/R 

hepática y regeneración en ROLT.
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4.2. SEGUNDO ESTUDIO 

HOW ISCHEMIC PRECONDITIONING PROTECTS SMALL LIVER GRAFTS 

Franco-Gou R, Roselló-Catafau J, Casillas-Ramirez A, Massip-

Salcedo M, Rimola A, Calvo N, Bartrons R, Peralta C 

Journal of Pathology, 2006;208(1):62-76 

Los resultados obtenidos con antagonistas de los receptores de IL-1 y la 

determinación de los niveles de mRNA de IL-1 mostraron la participación de la IL-1-

en el síndrome de I/R asociado al ROLT, además establecieron una relación entre la

IL-1  y los factores de crecimiento. Así pues, la IL-1  redujo los niveles de HGF y

aumentó los niveles de TGF- , influyendo negativamente en el proceso de la 

regeneración hepática. El precondicionamiento isquémcio (PC) (a través del NO) y el 

tratamiento con donadores de NO inhibieron la producción hepática de IL-1,

protegiendo así frente a los efectos perjudiciales de esta interleuquina sobre la lesión y 

regeneración hepática. Además, por otra vía independiente del NO, el PC dio lugar a 

una inducción de la expresión de HSP70 y de HO-1. La HO-1 protegió frente a la 

lesión por I/R hepática y por regeneración y en cambio el papel protector de la HSP70 

fue exclusivamente relacionado con la proliferación hepatocitaria. La inhibición de la 

síntesis de NO en el grupo PC no modificó los efectos del PC sobre ambas HSPs. 

Estos resultados explican los mecanismos protectores de PC y indican que, además 

del PC, estrategias encaminadas a modular la acción de la IL-1 y/o las HSPs podrían

ser consideradas en situaciones clínicas que requieran regeneración hepática, como 

es el caso del trasplante hepático con injerto de tamaño reducido.
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4.3. TERCER ESTUDIO 

PROTECTION AGAINST LUNG DAMAGE IN REDUCED-SIZE LIVER 

TRANSPLANTATION

Franco-Gou R, Roselló-Catafau J, Peralta C 

Critical Care Medicine, En prensa

En el hígado, la inhibición de las células de kupffer, el PC y el NO disminuyeron

los niveles de IL-1  tras un trasplante hepático con injerto de tamaño reducido (ROLT).

El PC, a través del NO, redujo la liberación de IL-1 y ejerció un papel protector frente a 

la lesión pulmonar asociada al ROLT. La inhibición de la síntesis de NO en el grupo

con PC llevó a un aumento en los niveles de IL-1 y aumentó el daño pulmonar

después del ROLT, mientras que el tratamiento con el antagonista del receptor de IL-1

(IL-1ra) protegió frente a los efectos adversos resultantes de la inhibición de la síntesis

de NO. Además, la administración de un donador de NO resultó en unos parámetros

similares a aquellos encontrados en el grupo PC por lo que respecta a los niveles de 

IL-1 y lesión pulmonar. Los beneficios observados en pulmón como consecuencia de

la inhibición de la IL-1 parecen estar ligados al efecto que presenta esta citoquina

sobre un mecanismo endógeno que neutraliza la acción del TNF- , como son los 

receptores solubles del TNF- . Así pues, estrategias que inhiben la acción de la IL-1, 

como son el tratamiento con IL-1ra, el PC y el tratamiento con el donador de NO,

provocan un aumento en los niveles plasmáticos de sTNFR2 y disminuyen los niveles

sistémicos de TNF-  libre, después del ROLT. De igual manera, la inhibición de la 

síntesis de NO en el grupo con PC, que provocó un aumento en los niveles de IL-1 y 

en el daño pulmonar, redujo los niveles de sTNFR2 en plasma y aumentó los niveles 

de TNF-  libre. Estos efectos adversos desparecieron cuando se inhibió la acción de

la IL-1. 
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ABSTRACT

Objective: This study examined the effect of ischemic preconditioning on

pulmonary damage associated with reduced-size orthotopic liver transplantation 

(ROLT) and attempted to identify the underlying protective mechanisms. Design:

Randomized and controlled animals study. Setting: Experimental laboratory. Subjects:

Male Sprague-Dawley rats. Interventions: Lung damage was evaluated in ROLT with or 

without preconditioning. Nitric oxide (NO) and interleukin-1 (IL-1) actions were altered 

pharmacologically. Measurements and Main Results. IL-1, tumor necrosis factor-

(TNF), soluble TNF receptors (sTNFR) and inflammatory response in lung were

measured after ROLT. Our results indicate the involvement of IL-1 in the lung damage

following ROLT. Ischemic preconditioning, mediated by NO, reduced IL-1 release and

protected against lung damage. NO synthesis inhibition in the preconditioned group led

to increased IL-1 levels and increased lung damage following ROLT, while the addition 

of IL-1 receptor antagonist protected against the injurious effects of NO inhibition. In 

addition, NO pre-treatment gave similar results in terms of IL-1- , and lung protection 

to those found in preconditioning. The benefits to the lung attributable to IL-1 inhibition 

might be linked to the effect of this cytokine on sTNFR, an endogenous mechanism

that modulates systemic TNF actions. In fact, strategies aimed at inhibiting IL-1 action,

including IL-1 receptor antagonist, ischemic preconditioning, and NO donor, increased 

systemic sTNFR2 and decreased free TNF, following ROLT. Similarly, NO synthesis 

inhibition in the preconditioned group, which increased IL-1 and lung damage, 

reduced systemic sTNFR2, and increased free TNF levels. These injurious effects

were avoided when IL-1 action was inhibited. Conclusion: Ischemic preconditioning and

pharmacological strategies that simulate its benefits protected against lung damage in 

an experimental model of ROLT. Our results also suggest a potential relationship 

between NO, IL-1 and TNF/sTNF in the benefits of preconditioning on the lung damage

associated with ROLT. 
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INTRODUCTION

Ischemic preconditioning, induced by brief ischemia and reperfusion periods,

protects the liver and the lung against a subsequent sustained hepatic I/R in warm

ischemia associated with tumor hepatic resections and in liver transplantation from

non-reduced size liver graft (1-5). Preconditioning by inhibition of endothelin (ET) 

production reduced the systemic release of Kupffer cell-associated tumor necrosis 

factor- (TNF), thus preventing lung P-selectin up-regulation and subsequent 

pulmonary damage (3-5). Moreover, preconditioning modulates other systems involved

in both local and systemic disorders including xanthine-xanthine oxidase (XOD) (1,2). 

Preconditioning was more effective than the addition of XOD inhibitors to the

preservation solutions or anti-selectin, anti-ET or anti-TNF therapies in preventing 

hepatic I/R injury (1,2,5). There is evidence that the benefits of preconditioning on

these mechanisms responsible for local and systemic disorders associated with hepatic

I/R depend on the release of nitric oxide (NO) (1-5). A recent experimental study from 

our group showed the benefits of ischemic preconditioning on hepatic injury associated

with reduced-size liver transplantation (6). However, it is not known whether ischemic

preconditioning is effective only locally (liver) or if it would also modulate the potential

lung damage associated with reduced-size liver transplantation. 

In addition to TNF, ET, and xanthine/XOD, the injurious role of interleukin-1 (IL-1) 

in the lung damage associated with hepatic I/R is well established (7-10). The data 

obtained in experimental models of hepatic I/R that mimic the warm ischemia 

associated with tumor hepatic resections indicate that IL-1 action inhibition ameliorated

pulmonary injury (8), and IL-1 produced in the liver appears to stimulate the alveolar 

macrophages of the lung and induce pulmonary injury (10). On the basis of these 

reports, there would seem to be a real possibility that IL-1 is responsible for the lung

damage associated with reduced-size liver transplantation.
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The relationship between NO generation and hepatic IL-1 production has been 

demonstrated in various inflammatory processes (11-14). Thus, the inhibition of NO

synthesis increased IL-1 generation in experimental models of hepatic I/R that mimic 

the warm ischemia associated with tumor hepatic resections (11-13), and inducible NO

synthase-deficient animals showed high IL-1 levels in response to lipopolysaccharide 

(14). However, the hypothesis that the NO released during preconditioning might 

modulate the lung damage associated with reduced-size liver transplantation through 

its action on hepatic IL-1 release remains unconfirmed.

Several analyses of systemic disorders associated with inflammatory processes 

indicate that increases in IL-1 occur in parallel with high TNF levels (10,15,16). It has

been widely demonstrated that TNF mediates inflammation by two distinct cell-surface

receptors (TNFR1 and TNFR2), as observed during rejection episodes and impaired

graft function after liver transplantation (17-20). These two receptors can also be

present in soluble form (sTNFR: sTNFR1 and sTNFR2), since the extracellular part of 

both receptors is shed by proteolytic cleavage and circulates as sTNFR (natural 

inhibitors of TNF). This then binds the TNF in plasma, thus preventing its deleterious

effects (21-24). In fact, treatment with sTNFR stems plasma TNF increase and 

prevents acute lung injury following cardiopulmonary bypass (25) and after intestinal

ischemia (26). The injurious effects of IL-1 on systemic disorders associated with 

hepatic I/R might be explained by the effect of this cytokine on systemic TNF/sTNFR 

levels following I/R. Thus, IL-1 receptor antagonist treatment reduced plasma TNF 

release in experimental model of hepatic I/R that mimic the warm ischemia associated 

with tumor hepatic resections (15). In addition, IL-1 down-regulated the expression of

receptors for TNF in cell lines from human fibroblastoid and cervical carcinoma, which 

may reduce sTNFR release (27-29). Thus, it would appear that strategies aimed at

modulating IL-1 action might be useful to regulate TNF/sTNFR levels and to reduce the 

systemic diseases associated with hepatic I/R processes. 

118



Resultados

Accordingly, we report the results of an experimental study aimed at evaluating

1) the role of IL-1 in the lung damage associated with reduced-size liver 

transplantation; 2) the potential benefits of ischemic preconditioning for the lung; 3) 

whether such protection is related to the IL-1 inhibition by NO; and 4) whether the 

modulation of IL-1 action by NO results in changes in systemic TNF/sTNR levels.
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MATERIAL AND METHODS 

Experimental animals

Male Sprague-Dawley rats weighing 200 to 250 g were used as donors and 

recipients. All animals were anesthetized with isoflurane. This study respected the

European Union regulations for animal experiments (EC guideline 86/609/CEE). 

Experimental design

Role of IL-1 in lung damage associated with ROLT 

1) Sham (n=6): Animals were subjected to anesthesia, transversal laparotomy, and silk 

ligatures in the right suprarenal vein, and hepatic artery. 

2) Reduced-size orthotopic liver transplantation (ROLT) (n=12, 6 transplantations): 

Liver reduction was achieved by removing the left lateral lobe and the two caudate 

lobes just before harvesting the liver, which resulted in a 40% reduction in liver mass. 

The pedicle of the left lateral lobe was ligated with 5-0 silk ligature, and the lobe was 

removed. Two caudate lobes were separately removed with the ligation. The donors’

livers were flushed and preserved with cold (4ºC) University of Wisconsin (UW)

solution for 1 h (6). ROLT was performed according to the Kamada’s cuff technique 

(30). The time of the anhepatic phase was 17-20 min (6), which practically coincided

with the times of warm ischemia suffered by the graft between extraction from the 

preservation solution and the restoration of portal flow. 

3) Reduced-size orthotopic liver transplantation+gadolinium chloride (ROLT+GdCl3)

(n=12, 6 transplantations): As in group 2, but with previous administration of GdCl3

(Sigma Chemical, St. Louis, MO) (10 mg/kg, i.v.) in donor rats to inactivate Kupffer

cells, 48 hours and 24 hours before hepatectomy (6). 

4) Reduced-size orthotopic liver transplantation+Interleukin-1 receptor antagonist

(ROLT+IL-1ra) (n= 12, 6 transplantations): As in group 2, but treated with IL-1ra

(Amgen Biologicals, Thousand Oaks, CA) (40 mg/kg, i.v.) just after reperfusion (13).
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Role of NO involved in ischemic preconditioning on IL-1 release following ROLT 

5) Ischemic Preconditioning+Reduced-size orthotopic liver transplantation (PC+ROLT)

(n=12, 6 transplantations): To induce ischemic preconditioning, the blood flow of the 

donor liver was interrupted by placing a bulldog clamp at the portal vein and hepatic

artery for 10 min, followed by reflow for 10 min (13). Following the same surgical

procedure as for group 2, liver lobes were resected and flushed and preserved with

cold (4ºC) UW solution for 1 h.

6) Reduced-size orthotopic liver transplantation + NO donor (ROLT+NO) (n=12, 6

transplantations): As in group 2, but with previous administration of the nitric oxide

(NO) donor, spermine NONOate (Cayman Chemical, Ann Arbor, MI) (10mg/kg i.v.)

(10). In contrast with other NO donors, spermine NONOate is a spontaneous NO donor

that releases NO independently of enzymatic catalysis, and it does not require

activation in the tissue (31,32). 

7) Ischemic Preconditioning+ Reduced-size orthotopic liver transplantation + NAME

(PC+ROLT+NAME) (n=12, 6 transplantations): As in group 5, but with previous 

administration of an NO synthesis inhibitor, N -nitro-L-arginine methyl ester (NAME) 

(Sigma Chemical, St. Louis, MO). As previously reported, 10mM of L-NAME was

administered through the portal vein when the liver grafts were harvested, and 20mg/kg 

was injected i.v. into the recipients just after reperfusion (6). 

8) Preconditioning+Reduced-size orthotopic liver transplantation+NAME+IL-1ra

(PC+ROLT+NAME+IL-1ra) (n=12, 6 transplantations): As in group 7, but treated with

IL-1ra (40 mg/kg, i.v.) just after reperfusion (6,13). 

Twenty-four hours after transplantation, plasma and lung samples were collected. 

Malondialdehyde (MDA) levels and myelopreroxidase (MPO) activity were measured in 

the lung. IL-1  and IL-1  levels were measured in liver samples. Total (bound and free)

TNF- , free TNF- , and sTNFR (sTNFR1 and sTNFR2) were determined in plasma. 

Histological analyses in lung were also performed.
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Biochemical determinations 

Lipid peroxidation assay. Lipid peroxidation in the lung was used as an indirect

measurement of the oxidative injury induced by reactive oxygen species (33). After

protein precipitation, the formation of malondialdehyde (MDA) was measured by using 

the thiobarbiturate reaction (13,34). 

Myeloperoxidase assay. Lung MPO has been used as a marker of pulmonary

neutrophil infiltration and activation (35,36). MPO levels were determined

photometrically using 3,3’,5,5’-tetramethylbenzidine as substrate (37). 

Interleukin assay. Liver samples were processed as previously reported (13) and 

IL-1  and IL-1  levels were measured using Enzyme-linked immunosorbent assay

(ELISA) kits from Amersham Life Sciences (Amersham, UK). 

TNF assay. Free TNF-  levels in plasma were measured using a commercial 

ELISA kit from Biosource (Camarillo, CA, USA). To measure the total (bound and free)

TNF- levels in plasma, a commercial competitive enzyme immunoassay kit from 

Chemicon International (Temecula, CA) was used. 

sTNFR1 and sTNFR2 assay. The soluble TNF-  receptors (sTNFR1 and 

sTNFR2) levels in plasma were measured using commercial ELISA kits from R&D 

systems (Minneapolis, MN,USA) . 

Histology

For the histological studies the lung was first perfused with a fixative solution 

(10% neutral-buffered formalin) at a pressure of 25 cmH2O. Lung samples were fixed in 

10% formalin for at least 18 h before being processed and stained with hematoxylin-

eosin according to standard procedures (38,39). 

Statistics

Data are expressed as means  standard deviations, and compared statistically by 

analysis of variance, followed by Student-Newman-Keuls. p<0.05 was considered

significant.
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RESULTS

No differences in hepatic IL-1  levels were observed in any of the groups evaluated

(Fig. 1A). Unlike IL-1 , hepatic IL-1 levels after ROLT were found to increase to a 

higher level than those recorded in the Sham group (Fig. 1B). Given the evidence

indicating that these cells are one of the main sources of IL-1 (40), this study evaluated

whether IL-1 levels observed after ROLT may be dependent on Kupffer cells. As 

shown in Fig. 1B, GdCl3 pre-treatment reduced this significant increase in IL-1  levels 

observed after ROLT.

Pulmonary neutrophil accumulation and oxidative stress, as estimated by 

pulmonary MPO and MDA levels increased significantly after ROLT compared with the 

results obtained in the Sham group (Fig. 2). Lung damage after ROLT is multifactorial. 

In addition to the consequences on lung damage derived from hepatic I/R, atelectasis, 

diaphragm injury, surgical procedures and other factors could injure the lungs. In order

to minimize the potential effects of the surgical manipulation and the lung damage 

caused by the sample collection we compared the data obtained in the ROLT group

with those obtained in the Sham group (these animals were subjected to a fictitious 

operation. The anesthesia and surgical times were not statistically different between 

the Sham and the other groups). In addition, the lung (corresponding to all groups, 

including Sham) was first perfused with a fixative solution before being processed for

histological examinations.

The involvement of IL-1 in the inflammatory response and in the lung damage 

associated with ROLT was evaluated. IL-1 receptor antagonist treatment (ROLT+IL-

1ra) attenuated the increases in lung MPO and MDA after ROLT. Ischemic

preconditioning (PC+ROLT) reduced IL-1  (Fig. 1B) and protected against lung injury 

associated with ROLT (Fig. 2). NO donor treatment (ROLT+NO) kept IL-1 , MPO and

MDA levels at the same levels as in ischemic preconditioning. NO synthesis inhibition

(PC+ROLT+NAME) abolished the benefits of ischemic preconditioning on IL-1
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release and on the parameters of lung damage. This is shown by the increases in IL-

1 , MPO and MDA levels, which are of the same order as those observed after ROLT;

and IL-1 receptor antagonist supplementation (PC+NAME+IL1ra) prevented the

injurious effects of NO synthesis inhibition, giving biochemical parameters of lung

damage similar to those observed in PC+ROLT group.

Histological changes in the lung following ROLT were in keeping with the

biochemical study. The lung integrity in the Sham group was preserved (Fig. 3A). The 

ROLT and PC+ROLT+NAME groups showed margination and adhesion of neutrophils

to the endothelium, a diffuse augmentation of the cellularity in the alveolar walls, and a 

marked or moderate thickening of the alveolar walls (Fig. 3B and 3C). By contrast, no

apparent vascular margination of neutrophils and only a slight and non-diffuse 

thickening of alveolar walls was observed in the ROLT+IL-1ra, PC+ROLT, ROLT+NO 

and PC+NAME+IL-1ra groups (Figs. 3D and 3E).

The effect of ischemic preconditioning on TNF and sTNFR following ROLT was 

investigated. Total TNF (free and bound) was similar in all groups (Fig. 4). However, a

significant increase in plasma free TNF levels was found after ROLT. This was reduced

when ischemic preconditioning (PC+ROLT) or NO donor pre-treatment (ROLT+NO) 

were carried out (see Fig. 4). NO synthesis inhibition (PC+ROLT+NAME) eliminated 

the benefits of ischemic preconditioning on plasma TNF release, leading to free TNF 

values comparable to those observed in the ROLT group. Next, we considered the 

possibility that the beneficial effects of preconditioning on systemic free TNF might be

related to changes in sTNFR. The increases in sTNFR1 levels after ROLT were not 

modified by ischemic preconditioning, NO donor (NO+ROLT) o L-NAME treatment

(PC+ROLT+NAME) (Fig. 5A). However, this was not the case of sTNFR2 (Fig. 5B).

Ischemic preconditioning and NO donor treatment increased the sTNFR2 levels more

than the ROLT group did. NO synthesis inhibition (PC+ROLT+NAME) abolished the 

benefits of ischemic preconditioning on sTNFR2, leading to sTNFR2 values similar to

those observed in the ROLT group. Interestingly, an association between free TNF and
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sTNFR2 levels was observed. Thus, reduced systemic free TNF levels (Fig. 4B) were 

associated with high sTNFR2 levels (Fig. 5B), and inversely, increased systemic free

TNF levels were associated with low sTNF2 levels. As shown in Fig. 6, the ratio of TNF 

to sTNFR2 (TNF/sTNFR2) fell in the groups in which lung protection was observed

(PC+ROLT, ROLT+NO, ROLT+IL-1ra and PC+NAME+IL-1ra), whereas TNF/sTNFR2 

ratio increased in the groups in which pulmonary damage was observed (ROLT and

PC+ROLT+NAME).

These results indicate that ischemic preconditioning, mediated by NO 1) reduced 

IL-1 release and thus protected against the lung damage associated with ROLT and 2) 

regulated systemic TNF/sTNFR2 levels. Given these results and the data in the

literature indicating that IL-1 might modulate TNF/sTNFR (15,27-29), we assessed

whether the inhibition of IL-1 release by ischemic preconditioning protected against the 

lung damage associated with ROLT through the regulation of TNF/sTNFR2. Our results 

indicate that IL-1 action inhibition by IL-1 receptor antagonist (ROLT+IL-1ra), which 

protected against lung damage (Fig. 2), reduced systemic free TNF and increased 

sTNFR2 (Figs. 4 and 5), suggesting a relationship between IL-1, TNF/sTNFR2 and

pulmonary damage. Because NO generated by preconditioning reduced IL-1,

TNF/sTNFR2 and pulmonary damage, NO synthesis inhibition (PC+NAME+ROLT) 

increased IL-1, TNF/sTNFR2 and lung damage, as the same manner as in ROLT

group. However, IL-1 action inhibition in PC+NAME group (PC+NAME+ROLT+IL1ra)

prevented the injurious effects of L-NAME on TNF/sTNFR2 and pulmonary damage, 

resulting in similar values to those found in the PC+ROLT group.

All the results described above were recorded 24h after transplantation. Control 

experiments to assess whether the consequences of ROLT on lung damage are

transitory, indicate that the parameters of lung damage seen 24h after transplantation

(MPO, oxidative stress, and the alterations in the pulmonary integrity seen by 

histological study) were exacerbated 48h later. In addition, the benefits of ischemic 
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preconditioning on lung damage observed 24h after transplantation were maintained 

days later.
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DISCUSSION

Experimental data indicate that pulmonary damage associated with hepatic I/R is 

mediated by neutrophil infiltration and the release of inflammatory mediators including 

reactive oxygen species (41,42). The fall in the oxidative stress and neutrophil

infiltration observed in lung tissue after IL-1 receptor antagonist treatment points to the

involvement of IL-1 - which seems to be dependent on Kupffer cells- in the lung 

damage associated with ROLT. Ischemic preconditioning reduced hepatic IL-1

release and protected against lung damage associated with ROLT. NO synthesis 

inhibition in the preconditioned group, which increased IL-1 , abolished the benefits of 

ischemic preconditioning on the lung damage associated with ROLT. However, when

we inhibited IL-1 action with IL-1 receptor antagonist, the injurious effects of NO

inhibition on lung damage disappeared. In addition, NO donor administration to ROLT 

resulted in reduced hepatic IL-1 , and biochemical and histological parameters of lung

damage similar to those in the preconditioned group. The results of the present study

indicate that ischemic preconditioning, through NO, inhibited hepatic IL-1  release, 

thus protecting against the lung damage associated with ROLT. In an experimental 

model of I/R that mimics the warm ischemia associated with tumour hepatic resections,

IL-1 produced in liver following reperfusion was implicated in systemic TNF release 

(15). Furthermore, lung damage associated with liver transplantation from non-reduced

size liver graft appears to be linked to systemic TNF release (43). We therefore

examined whether the benefits as regards lung damage resulting from IL-1 action

inhibition could be explained by changes in systemic TNF/sTNF levels. To this end, we

assessed the effect of ischemic preconditioning on systemic TNF/sTNF levels following 

ROLT.

In most studies based on inflammatory processes (17,44,45), increases in TNF 

are paralleled by similar increases in sTNFR. Ischemic preconditioning is associated 

with a down-regulation of systemic free TNF levels; therefore, a similar down-regulation 
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of sTNFR release may be expected. However, an equally plausible hypothesis is that 

the processes which led to the enhanced release of sTNFR are stimulated by ischemic

preconditioning. In fact sTNFR supplementation, in situations where there is insufficient

production of endogenous sTNFR, would reduce the free TNF levels, thus inhibiting the

deleterious effects of TNF (21-24). Our results are in line with this second hypothesis 

since following preconditioning, sTNFR2 release was up-regulated and free TNF 

release was down-regulated, thereby reducing the ratio of TNF/sTNFR2 and 

suggesting a decrease in the bioavailability of TNF. This could contribute to the

ischemic preconditioning tolerance against lung damage associated with ROLT.

Furthermore, we established a relation between IL-1, lung damage and sTNFR in

ROLT. In fact, IL-1-ra pre-treatment, ischemic preconditioning and NO donor treatment

(which inhibited IL-1 action and protected against lung damage) increased systemic

sTNFR2 and decreased TNF, resulting in low systemic TNF/sTNFR2 levels following

ROLT. Similarly, any treatment that increases IL-1, should increase TNF/sTNFR2 and

lung damage. In fact, NO synthesis inhibition in the preconditioned group, which

resulted in high IL-1  levels, increased both TNF/sTNFR2 and the biochemical 

parameters of lung damage at levels of the same order as those observed in the ROLT

group. However, when we inhibited IL-1 action with IL-1 receptor antagonist, the

injurious effects on lung damage disappeared and this was associated with systemic 

sTNFR, TNF and TNF/sTNFR2 levels as in preconditioned group. 

Based on the findings reported here, we suggest a mechanism that might explain 

the benefits of ischemic preconditioning in preventing the lung damage associated with 

ROLT. This surgical strategy, through NO, can inhibit IL-1 release, which in turn would

regulate the systemic TNF/sTNFR2 release and protect against lung damage 

associated with ROLT. Further studies based on the use of TNFR2-deficient rat,

antibodies to neutralize sTNFR2, and the blockade of shedding of TNFR2, are required 

to determine whether the up-regulation of sTNFR2 is needed for the tolerance of

ischemic preconditioning against the lung damage associated with ROLT. However, 
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such studies would be difficult to interpret. Thus, if we used TNFR-deficient rat, it would 

not be possible to determine the relative contribution of sTNF release blockade versus 

the absent membrane-bound TNFR. A further possibility would involve the design of 

antibodies that neutralize sTNFR, though not the membrane-bound TNFR, as this 

would present numerous difficulties. Alternatively, TNFR shedding might be prevented, 

although this might result in an exaggerated response to TNF, not only from the

decrease in sTNFR2, but also because of the enhanced cellular responsiveness to 

TNF (secondary to the increase in membrane-bound TNFR). 

The results of the present study indicate: 1) the involvement of IL-1 in the lung

damage associated with ROLT; 2) the underlying protective mechanisms of ischemic

preconditioning on lung damage associated with ROLT, based on the inhibition of IL-1 

action by NO; 3) The capacity of ischemic preconditioning to regulate systemic

TNF/sTNF following ROLT; 4) a potential relationship between NO, IL-1 and TNF/sTNF 

in the benefits of ischemic preconditioning on the lung damage associated with ROLT. 

These results suggest that surgical strategies, including ischemic preconditioning 

aimed at regulating IL-1 action, could modulate systemic TNF/sTNFR levels and 

protect against the pulmonary damage in an experimental model of reduced-size liver 

transplantation. The benefits of ischemic preconditioning on lung damage could also be

simulated by pharmacological strategies including NO donor and IL-1 receptor

antagonist treatment. 
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Figure legends 

Figure 1. IL-1  (A) and IL-1  (B) levels in liver. *P<0.05 vs. Sham; +P<0.05 vs. ROLT; 

P<0.05 vs. PC+ROLT.

Figure 2. MPO and MDA levels in lung. *P<0.05 vs. Sham; +P<0.05 vs. ROLT; P<0.05

vs. PC+ROLT. 

Figure 3. Histological lesions in lung. A) Sham: No pulmonary lesions. B) ROLT: 

Marked thickening of alveolar walls and vascular margination of neutrophils. C) 

PC+ROLT+NAME: Moderate thickening of alveolar walls with margination of

neutrophils to the endothelium. D) PC+ROLT: Slight thickening of alveolar walls. E) 

PC+NAME+ROLT+IL-1ra: Histological lesions comparable to PC+ROLT. (H&E, 

Original magnification). 

Figure 4. Total (bound and free) TNF-  and free TNF-  levels in plasma. *P<0.05 vs. 

Sham; +P<0.05 vs. ROLT; P<0.05 vs. PC+ROLT. 

Figure 5. Soluble TNF-  receptors (sTNFR1 and sTNFR2) in plasma. *P<0.05 vs. 

Sham; +P<0.05 vs. ROLT; P<0.05 vs. PC+ROLT. 

Figure 6. TNF/sTNFR2 ratio. This parameter is expressed as the relation between 

plasma TNF-  levels and plasma sTNR2 1000. *P<0.05 vs. Sham; +P<0.05 vs. ROLT;

P<0.05 vs. PC+ROLT. 

135



Resultados

136



Resultados

137



Resultados

138



Resultados

139



Resultados

140



Resultados

141


