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Abstract

Inhibition of neutrophil activation and adherence to endothelium by antibodies to tumor necrosis
factor-ααααα  (TNF-ααααα) and intercellular adhesion molecules (ICAM-1), respectively, might attenuate ischemia-
reperfusion injury(I/R).  I/R was conducted in an isolated rat lung model.  Anti-TNF-ααααα  antibody and/or
anti-ICAM-1 antibody were added before ischemia or after reperfusion.  Hemodynamic changes, lung
weight gain (LWG), capillary filtration coefficients (Kfc), and pathologic changes were assessed to
evaluate the severity of I/R.  The LWG, Kfc, pathological changes and lung injury score of treatment
groups with anti-TNF-ααααα  antibody treatment, either pre-ischemia or during reperfusion, were less than
those observed in control groups.  Similar findings were found in group treated with anti-ICAM-1
antibody or combination therapy during reperfusion. In contrast, pre-I/R treatment with anti-ICAM-
1 antibody induced severe lung edema and failure to complete the experimental procedure.  No
additional therapeutic effect was found in combination therapy.  We conclude that TNF-ααααα  and ICAM-
1 play important roles in I/R.  Anti-TNF-ααααα  antibody has therapeutic and preventive effects on I/R.
However, combined therapy with anti-TNF-ααααα  antibody and anti-ICAM-1 antibody may have no additive
effect and need further investigation.

Key Words: tumor necrosis factor-ααααα  (TNF-ααααα); intercellular adhesion molecules (ICAM-1); ischemia
and reperfusion lung injury

Introduction

Microvascular injury produced by ischemia/
reperfusion (I/R) is a pathophysiologic event with broad
clinical relevance such as in organ transplantation,
myocardial infarction or ischemia, cerebral infarction,
and shock.  The pathogenesis of I/R is still unclear.
Ischemia is characterized by the absence of blood flow
into the lung, which can cause lipid peroxidation and
oxidant injury.  Endothelial cells are highly sensitive
to physical forces resulting from blood flow variation
and are able to transform these mechanical forces into
electrical and biochemical signals (mechanotransduction)
(27).  The absence of the mechanical component of

flow during lung ischemia stimulates membrane
depolarization of endothelial cells with the activation
of NADPH oxidase, nuclear factor-κB, and calcium/
calmodulin-dependent nitric oxide synthase (NOS)
(3, 14).  Other cells such as macrophages and/or mar-
ginated neutrophils, which are known to have a high
NADPH oxidase activity, could also contribute to the
lung oxidant burden induced during the ischemic period.

Consequences of ischemia and reperfusion include
upregulation of molecules on cell surface membrane
(2) and cytokines (5).  Leukocyte emigration involves
the sequential events of activation, rolling, adherence,
and extravasation.  Leukocyte is activated by reactive
oxygen species (ROS) and cytokine tumor necrosis
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factor-α  (TNF-α )(11, 12).  Leukocyte rolling is
dependent on selectin-mediated interaction between
endothelial cells (P-selectin and E-selectin) and
leukocytes (L-selectin).  Firm adherence and activation
of leukocytes occur when leukocyte β1-integrin or
β2-integrin binds to endothelial cells expressing
intercellular adhesion molecule-1(ICAM-1) or vascular
endothelial adhesion molecule-1, respectively (14).
Finally, leukocyte extravasation into the tissue is
dependent on integrin-immunoglobulin interactions,
involving ICAM-1 and platelet endothelial cell adhesion
molecule-1(14).

Based on above review of previous literatures
(5, 6, 32, 37), we postulated the pathway of pathogenesis
as follows: hypoxia (stop ventilation) and mech-
anotransduction (no blood flow) during ischemia
induces macrophages, endothelial cell or other cells
to generate ROS and proinflammatory cytokines (5,
6, 32, 37) as well as upregulation of molecules on cell
surface membrane.  During reperfusion (re-oxygena-
tion), cytokines (e.g., TNF-α) and ROS mediate poly-
morphonuclear neutrophil (PMN) activation, rolling
and adherence to endothelial cells which further promote
release of their oxygen radicals, cytokines and other
mediators beginning a complex cascade resulting in
vascular injury (1, 18, 36) and migration of PMNs
into interstitium and alveoli.  This sequence is followed
by more inflammatory cells being recruited into
interstitial spaces and alveoli.

Our previous study showed that cytokine TNF-
α  is up-regulated in ischemic/reperfusion lung injury
(5).  Furthermore, a significant correlation was observed
between TNF-α  and severity of I/R lung injury (5, 6)
indicating TNF-α  is an important proinflammatory
cytokine in modulating the I/R lung injury.  TNF-α
release is required to produce the damage, most likely
by upregulating ICAM-1 and P-selectin on endothelial
cells and CD-18 on neutrophils (24, 28).  .TNF-α triggers
degranulation and oxygen radical release in adherent
neutrophils (25).  Therefore, TNF-α  might be one of
the important mediators for neutrophil activation and
expression of adhesion molecules on neutrophils and
endothelium in the lung.  Previous studies showed
pretreatment with anti-TNF-α  antibody to attenuate
I/R lung injury (12, 24, 26, 46) but the information of
post-I/R treatment (therapeutic effect) with anti-TNF-
α  antibody on I/R lung injury is still limited.

Adhesion molecules, particularly CD11/CD18
and ICAM-1, play important roles in the I/R lung
injury (13, 19, 30).  ICAM-1 is one of the important
adhesion molecules that modulate neutrophil adhesion
to endothelium of pulmonary capillary (33).

In small animal models cobra venom factor in-
duces lung injury, and administration of monoclonal
antibodies to ICAM-1 decreases PMN migration into
the lung (15).  Moore et al. observed pretreatment

with ICAM-1 antibodies has attenuation effect on I/R
lung injury.  However, pretreatment with anti-ICAM-
1 monoclonal antibody did not prevent lung injury in
gram-negative sepsis (45).  Therefore, effects of pre-
treatment with ICAM-1 antibodies are still inconclusive.

We hypothesized that treatment with both anti-
TNF-α antibody to neutralize the TNF-α (for preventing
the neutrophil activation) and anti-ICAM-1 antibody
(to inhibit neurophil adherence to endothelial cells
for modulating leukocyte-endothelial cell adhesion)
would be beneficial and synergistically attenuate I/R.

Materials and Methods

Preparation of Isolated and Perfused Rat Lungs

This study was approved by the Institutional
Review Board for the care of animal subjects, and the
care and handling of the animals were in accord with
National Institutes of Health guidelines for ethical
animal research.  Our isolated-perfused lung in situ I/
R model has been previously described (3,8).  Briefly,
male Sprague-Dawley rats (250 to 350 g body weight)
were anesthetized intraperitoneally with sodium
pentobarbital (20-25 mg).  A tracheotomy was
performed to permit ventilation with a Harvard rodent
ventilator (Model 683, Harvard Apparatus, South
Natick, MA, USA) at 55 breaths/min at a tidal volume
at 2.5 ml and a positive end-expiratory pressure of 2
cm H2O.  The inspired gas mixture contained 5% CO2

and 95% air.  After a median sternotomy was performed,
heparin (1 U/g) was injected into the right ventricle.
Blood was drawn from the right ventricle and discarded.
A cannula was placed into the pulmonary artery through
a puncture into the right ventricle, and a tight ligature
was placed around the main trunk of the pulmonary
artery.  A large catheter was inserted into the left atrium
through the left ventricle and mitral valve, fixed by
ligature at the apex of the heart and used to divert
pulmonary venous outflow into a reservoir.  A third
ligature was placed above the atrioventricular junction
to prevent perfusate flowing back into the ventricles.
The lungs were perfused with the chosen perfusate
using a peristaltic pump (Minipulse 2, Gilson Medical
Electronic, Middleton, WI, USA) at a constant flow
of 0.03 ml/min/g body weight.  An initial 75 ml of
chosen perfusate, which contained residual blood cells
and plasma, were discarded and not recirculated.  An
additional 25 ml of the chosen perfusate was recirculated
in the lung.  Pulmonary artery (Ppa) and pulmonary
venous (Ppv) pressures were continuously monitored
with pressure transducers (P23 ID; Statham, Oxnard,
CA) from a sidearm of the inflow and outflow cannulas
and continuously recorded on a polygraph recorder
(Gould Instruments, Cleveland, OH, USA).  The Ppv
was set at 2.5 mm Hg by adjusting the height of the
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venous outflow reservoir and zone III flow conditions
(arterial>venous>alveolar pressures) were maintained
in all experiments.

The isolated perfused lung remained in situ, and
the weight of the whole rat was monitored on an
electronic balance and recorded on an oscillograph
after digital-to-analog conversion.  Any change in the
preparation weight (body weight) was considered a
result of changes in lung weight (5-9).  Three criteria
were used to continue the isolated lung preparation
experiment: [1] no leakage was observed at the sites
of cannula insertion, [2] no evidence of edema was
present, and [3] the lung attained an isogravimetric
state, i.e. the lung was neither gaining nor losing weight.

Perfusates

Physiological salt solution (PSS) was the
perfusate and it contained 4% bovine serum albumin
(Sigma Chemical, St. Louis, MO, USA) and (in mM)
119 NaCl, 4.7 KCl, 1.17 MgSO4, 22.6 NaHCO3, 1.18
KH2PO4, 3.2 CaCl2, and 5.5 glucose.  It was used as
perfusate in all of studied groups.  The therapeutic
agents were anti-TNF-α  poly clonal rat antibody
(Peprotech, Rocky Hill, NJ, USA) and anti-ICAM-1
antibody (Peprotech, Rocky Hill, NJ, USA).

Determination of Pulmonary Capillary Pressure

The pulmonary capillary pressure (Ppc) was
estimated using the double-occlusion method (16).
Arterial inflow and venous outflow lines were simul-
taneously occluded and the equilibrium Ppa and Ppv
were measured.  This equilibration pressure is the same
as the isogravimetric measure of Ppc and also reflects
the prevailing capillary pressure when the lungs are
damaged.

Calculation of Pulmonary Vascular Resistance

The pulmonary arterial (Ra) and venous (Rv)
resistances were calculated using the following equa-
tions: Ra = (Ppa - Ppc)/Q, and Rv = (Ppc - Ppv)/Q,
respectively, where Q is perfusate flow and Ppa and
Ppv are the arterial and venous pressures.

Measurement of Microvascular Permeability

Pulmonary capillary filtration coefficient (Kfc)
has been used as an index of microvascular permeability
to solvent in many published studies (16).  The Kfc

was measured using a method described previously.
Briefly, after an isogravimetric state was attained in
the lung, Ppv was rapidly elevated to 6 to 8 cm H2O
for 15 min.  The increase in lung weight was recorded.
The recording showed a characteristic rapid weight

gain (vascular filling) which was followed by a slower
rate of weight gain.  The rate of weight change (∆W/
∆t) occurring in the 6- to 14-min interval was analyzed
using linear regression of the log10-transformed rates
of weight changes calculated at each minute.  The
initial rate of weight gain was then determined by
extrapolation of (∆W/∆t) to zero time.  Kfc was then
calculated by dividing (∆W/∆t) at time 0 by the change
in Ppc that was imposed after venous outflow pressure
was increased.  The Kfc value was normalized using
the baseline wet lung weight and expressed as ml/ min
/cm H2O/ 100 g lung tissue.

Experimental Protocols

Acute lung injury was induced by 45 min of
ischemia (I) followed by 90 min of reperfusion (R)
with PSS as perfusates as control group (group 1).
Experimental groups were divided into five groups.
The anti-TNF-α  antibody (group 2), anti- ICAM-1
antibody (group 3), or combination (anti-TNF-α+
anti- ICAM-1 antibody) (group 4) were added at 15
min of reperfusion for study the therapeutic effect on
I/R.  The anti-TNF-α  antibody (group 5), and anti-
ICAM-1 antibody (group 6) were added before 15
min of ischemia for study the prevention on I/R lung
injury.  The concentration of anti-TNF-α  antibody
was 1200 pg/ml in 40 ml PSS perfusate.

The concentration of anti-TNF-α  antibody based
on our previous study which showed this concentration
of anti-TNF-α  antibody as additives to promote
protection by University Wisconsin solution in I/R
injury (10) and anti-ICAM-1 antibody (4 µg/ml in 40
ml PSS perfusate).  The concentration of anti-ICAM-
1 antibody based on the previous study (9, 46).

The isolated lungs were perfused with PSS as
perfusates and challenged by 45 min ischemia followed
by 90 min reperfusion.  The closed system of circulation
was maintained at constant flow, volume and temperature.
The experiment was initiated after hemodynamic stability
for 15 min in the extracorporeal isolated lung circulation
was achieved.  The protocols of I/R injury challenge
were as follows: the isolated lung was not ventilated
and perfused (ischemia) for 45 min, then followed by
reinstitution of ventilation and perfusion (reperfusion)
for 90 min at room temperature.

Lung Histopathology

After termination of each experiment, the middle
lobes of the right lungs were dissected and immediately
fixed in 10% neutral buffered formalin.  After fixation,
the right middle lobes were dehydrated through a graded
series of alcohol, cleared in xylene, and embedded in
paraffin.  All sections were cut at 5 µm and stained
with hematoxylin-eosin.  The severity of perivascular,
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peribronchial, septal, alveolar edema and perivascular,
interstitial , alveolar cell infiltration were examined
by score system.  According previous study (5), the
score method to measure the severity of acute lung
injury as followings: perivascular edema=1, peri-
bronchial edema =2, interstitial edema=2 and alveolar
edema=3, perivascular cell infiltration=2, interstitial
cell infiltration =3 and alveolar cell infiltration= 4.
20 scope views were examined in each lung tissue.
Sum of all pathologic scores was the score of each
scope, and then we calculated the mean score of 20
scopes as the injury score of this lung tissue.  After a
blinded review by two pathologists, mean of two scores
of two pathologists was the final score.

Statistical Analysis

Values are expressed as “mean ± SD”.  Com-
parisons among all groups for a given variable were
done using a one-way analysis of variance and Dunnett’s
method of post-hoc testing.  A P < 0.05 was considered
a statistically significant difference.

Results

Lung Weight Gains (LWG)

There was less LWG in therapeutic group treated
with single agent (anti-TNF-α antibody or anti-ICAM-
1 antibody) or combined agents (anti-TNF-α  antibody
+ anti-ICAM-1 antibody) during reperfusion, than those
in control groups with PSS as control (Table 1).
Furthermore the group with anti-ICAM-1 antibody
was given before ischemia developed pulmonary edema
immediately and could not complete 90 min reperfusion
challenge.  LWG of groups treated with combined
agents (anti-TNF-α antibody + anti-ICAM-1 antibody)

showed no significant difference compared with groups
treated with single agent (anti-TNF-α antibody).  This
indicates anti-TNF-α  antibody has prevention and
therapeutic effect on pulmonary edema, but anti- ICAM-
1 antibody seemed to have only therapeutic effect.
Furthermore, pretreatment of anti-ICAM-1 antibody
induced severe pulmonary edema.  Although com-
bination therapy of both agents attenuated pulmonary
edema, no additive effect was found.

Capillary Filtration Coefficient (Kfc)

In groups challenged by 45 min of ischemia then
60 min reperfusion, we found that less Kfc in therapeutic
group treated with anti-TNF-α  antibody before
ischemia or during reperfusion than those in control
groups with PSS as control (Table 2).  Kfc of the groups
treated with anti-ICAM-1 antibody or combined (anti-
TNF-α  antibody and anti-ICAM-1 antibody) during
reperfusion was less than those in control group.  These
findings indicated anti-TNF-α  antibody prevents and
treats the capillary leakage.  Furthermore, no additive
therapeutic effect of combined therapy on capillary
leakage was found in I/R lung injury.

Hemodynamic Changes

In control group with PSS as perfusate showed
an increase of Pa, Pc, Ra and Rv after I/R lung injury
but not statistically significant.  However, Pa, Pc, Ra
and Rv of treated groups with treatment with anti-
ICAM antibody and anti-TNF-α showed a decrease of
these values.

Histological Findings

The histological findings following I/R lung injury

Table 1.  Lung weight gains (LWG)

Group N LWG (g)

PSS 7 3.33 ± 0.80

After I and during R

PSS+anti-TNF-α 7 0.86 ± 0.32*
PSS+anti-ICAM 7 1.10 ± 0.43*
PSS+ anti-TNF-α+ anti-ICAM 7 0.87 ± 0.47*

Before I/R

PSS+ anti-TNF-α 7 0.53 ± 0.23*
PSS+anti-ICAM 7 More than 8 g just

restart reperfusion in few mins

Value are mean ±SD, PSS: physiological salt solution; I: ischemia; R: reperfusion; I/R: ischemia/reperfusion lung injury;
*: P < 0.05 compared with PSS.
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Table 2.  Capillary filtration coefficients (Kfc: ml.cmH2O
–1.100g–1 lung weight)

Group N Baseline After I/R

PSS 7 0.11 ± 0.09 0.50 ± 0.11

After I and during R

PSS+anti-TNF-α 7 0.07 ± 0.08 0.13 ± 0.11*
PSS+anti-ICAM-1 7 0.06 ± 0.07 0.20 ± 0.08*
PSS+ anti-TNF-α 7 0.06 ± 0.03 0.16 ± 0.05*
+anti-ICAM-1

Before I/R

PSS+ anti-TNF-α 7 0.05 ± 0.04 0.14 ± 0.15*
PSS+ anti-ICAM 7 Severe edema can not

measure

Value are mean ± SD, PSS+anti-TNF-α (After I and during R, and Before I/R) were significantly less than the PSS. (*: P
< 0.05).

Fig. 1. Light micrograph of lung tissue suffering ischemia/reperfusion lung injury, stained with hematoxylin/eosin.  Using physiologic
salt solution (PSS) as perfusate, isolated rat lung were challenge by 45 min ischemia then 90 min reperfusion. (A and B)  In the
control group with PSS as perfusate only (no protective agents were added), there was marked perivascular edema, focal
interstitial and intra-alveolar leukocyte infiltration, and proteinaceous exudate.  (C) In the groups with anti-TNF-α antibody
added during perfusion, less perivascular edema, proteinaceous exudate and leukocyte infiltration were found and it indicated
the histological changes were greatly alleviated.  Similar findings were found in the group with anti-TNF-α antibody treatment
before I/R, anti- ICAM-1 antibody during I/R and combed anti- TNF-α antibody and ICAM-1 antibody treatment (not shown)
(D) In the group with ICAM-1 antibody treatment before I/R was similar to PSS group and showed perivascular edema,
proteinaceous exudate and leukocyte infiltration.  Original magnification x200.

(A) (B)

(C) (D)
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showed perivascular edema, focally marked intra-alveolar
hemorrhage, proteinaceous exudates, interstitial
leukocyte infiltrate and intra-alveolar debris, including
macrophage and pneumocyte (Fig. 1).  Less edema
and leukocyte infiltration was found in pre or post-
I/R treatment with anti-TNF-α  antibody and similar
findings in post-I/R treatment of anti-ICAM-1 antibody
and combined therapy (Table 3).  The severity of these
findings was documented by the pathological score
(showed in Table 4).  The inflammatory cell infiltration
in interstitial and alveoli was less in pre or post-I/R
treatment with anti-TNF-α  antibody than the control
group.  It indicates anti-TNF-α  antibody might have
an inhibitory effect on leukocyte adhesion to endothelium
or migration into interstitium or alveoli.

Discussion

Based on the attenuation of I/R lung injury by
LWG, Kfc, and injury score by pathologic finding, we
found that anti-TNF-α  antibody has both preventive
and therapeutic effects on I/R lung injury.  In contrast,
anti-ICAM-1 antibody only has therapeutic effect.

The combined treatment of anti-TNF-α  antibody and
anti-ICAM-1 antibody produced attenuation of I/R

Table 4. Acute injury score based on pathological
findings

Group N Score

PSS 5 9.6 ± 1.5

After I and during R

PSS+anti-TNF-α 7 5.3 ± 1.5*
PSS+anti-ICAM-1 7 6.0 ± 1.4
PSS+ anti-TNF-α 7 4.7 ± 1.7*
+anti-ICAM-1

Before I/R

PSS+ anti-TNF-α 7 4.5 ± 0.6*

Value are mean ± SD, PSS+anti-TNF-α (before ischemia),
PSS+ anti-TNF-α+anti-ICAM-1 (after ischemia and dur-
ing reperfusion) and PSS+ anti-TNF-α (after ischemia and
during reperfusion) were significantly less than the PSS.
(*: P < 0.05)

Table 3.  Hemodynamic

Group N Pap Pv Pc Ra Rv

Before Ischemia

PSS 7 9.90 ± 1.88 1.20 ± 0.75 5.03 ± 0.79 0.10 ± 0.03 0.08 ± 0.02

After I and during R

PSS+anti-TNF-α 7 9.40 ± 1.47 0.90 ± 0.65 4.64 ± 0.55 0.10 ± 0.02 0.08 ± 0.02
PSS+anti-ICAM-1 7 9.50 ± 2.08 0.60 ± 0.25 4.53 ± 0.81 0.10 ± 0.03 0.08 ± 0.02
PSS+ anti-TNF-α 7 11.87 ± 2.32 0.75 ± 0.29 5.64 ± 1.06 0.13 ± 0.03 0.08 ± 0.02
+anti-ICAM-1

Before I/R

PSS+ anti-TNF-α 7 10.25 ± 3.50 0.86 ± 0.25 5.00 ± 1.49 0.11 ± 0.04 0.08 ± 0.03

After I/R

PSS 7 10.90 ± 1.67 0.90 ± 0.65 5.30 ± 0.49 0.11 ± 0.03 0.09 ± 0.02

After I and during R

PSS+anti-TNF-α 7 8.00 ± 1.27a 0.90 ± 0.42 4.02 ± 0.61a 0.08 ± 0.02a 0.07 ± 0.01a

PSS+anti-ICAM-1 7 8.37 ± 1.37a 0.75 ± 0.29 4.10 ± 0.64a 0.09 ± 0.02a 0.07 ± 0.01a

PSS+ anti-TNF-α 7 11.87 ± 2.39 0.75 ± 0.29 5.64 ± 1.13 0.14 ± 0.03 0.08 ± 0.02
+anti-ICAM-1

Before I/R

PSS+ anti-TNF-α 7 8.50 ± 2.38a 0.06 ± 0.25a 4.09 ± 0.95 0.09 ± 0.03a 0.07 ± 0.02a

Value are mean ± SD; Ppa and Ppv (mmHg): pulmonary arterial and venous pressure, respectively; Ppc (mmHg):
isogravimetric capillary pressure; Ra and Rv (cmHg . min . ml–1): arterial and venous resistance, respectively; I: ischemia;
R: reperfusion; I/R: ischemia/reperfusion lung injury; PSS+anti-TNF-α (after I and during R ,and before I/R) and PSS+anti-
ICAM-1 (after I and during R) was significant less than the PSS after I/R group (a: P < 0.05).
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lung injury without additive effect.
The present study shows clearly that I/R lung

injury includes increased capillary permeability, as
reflected by increases in Kfc and formation of pulmonary
edema, as reflected by LWG consistent with previous
findings (5-9).  Histological data such as perivascular
edema, and interstitial and intra-alveolar hemorrhage,
proteinaceous exudate, and interstitial and intra-alveolar
leukocyte infiltrates were consistent with our previous
studies (5-9).

Pre-I/R, treatment with anti-TNF-α  antibody
inducing attenuation on I/R lung injury in this study
was similar to previous studies (24, 26, 46).  In addition,
our results showed the groups with post- I/R treatment
with anti-TNF-α antibody to have less I/R than control.
This indicates that anti-TNF-α  antibody might have
preventive and therapeutic effects on I/R.  Furthermore,
less amount of leukocyte infiltration was found in group
with anti-TNF-α antibody pre-I/R and post I/R treatment,
indicating that anti-TNF-α  antibody can prevent lung
capillary leakage (reflected by less LWG and Kfc) and
leukocyte migration (reflected by less leukocyte
infiltration in interstitium and alveoli).  Similarly.
Sorkine and colleagues noted that TNF blockade reduced
the sequestration of neutrophils and microvascular
leakage in the lungs of animals undergoing intestinal
I/R (40).

The exact mechanism of action of anti-TNF-α
antibody in attenuating I/R injury remains unclear.
TNF-α  plays an important role in acute lung injury,
reminiscent of acute respiratory distress syndrome in
many animal models (5, 32, 38).  Infusion of appropriate
doses of recombinant human TNF-α produces multiple-
organ system injury, hypotension, and death in a pattern
indistinguishable from endotoxemia (42).  Our earlier
study showed that elevated TNF-α  was found in I/R
lung injury and that a significant correlation existed
between severity of I/R lung injury and TNF-α  ex-
pression (5, 6).  Our current data showing that pre-
treatment with anti-TNF-α  antibody significantly
attenuates lung injury caused by I/R supports the
concept of our previous reports (5-9), Yao’s and
Taylor’s studies (24, 47).  They also provide evidences
that TNF-α  might be the main cytokine to participate
in the modulation of the early events of lung injury
evoked by I/R injury.  TNF-α  seems to mediate in-
creased vascular permeability through both neutrophil-
dependent (17) and neutrophil-independent mech-
anisms (20).  Oxygen radicals have also been de-
monstrated to be involved in TNF-α-mediated injury.
It seems that the accumulation of neutrophils through
the action of TNF-α  caused by I/R perturbation is
involved in the up-regulation of adhesion molecules
on both neutrophil and endothelial cells (34).  TNF-α
was shown to induce the expression of both ICAM-1
and endothelial expression of E-selectin (34, 38), and

to mediate neutrophil attachment to endothelial cells
resulting in release of neutrophil-derived oxygen
metabolites, which leads to vascular and tissue injury
(1).  Indeed, Seekamp et al. (38) reported that anti-
TNF-α  antibodies attenuate E-selectin expression in
the lung vasculature in a rat hind limb I/R model.
Similarly, Colletti et al. (11) found that TNF blockade
reduced pulmonary ICAM-1 expression after hepatic
I/R, while Squadrito et al. (41) reported that TNF
blockade reduced ICAM-1 expression in the aorta and
SMA.

Our results showed that anti-ICAM-1 antibody
treatment after ischemia attenuates I/R lung injury,
but pretreatment with anti-ICAM-1 antibody before
I/R did not prevent injury.

The endothelial cell plays a vital role in neutrophil
binding through a series of adhesion molecules ex-
pressed on its surface.  ICAM-1 is an important adhe-
sion molecule, which leads to neutrophil adhesion to
endothelium (3, 23), the release of O2 radicals and
damage to endothelium (23).  Anti-adhesion antibodies
have been demonstrated to decrease organ damage
and improve survival following hemorrhagic shock
and resuscitation in rabbits (31); reduce infarct size in
animal models of coronary artery occlusion and re-
perfusion (21, 47); and decrease liver injury in rats
following ischemia-reperfusion injury (22).  In animal
models of unilateral warm lung I/R injury induced by
temporary artery clamping, anti-β2 and anti- ICAM-
1 antibodies reduced neutrophil sequestration and
pulmonary edema in the reperfused lung (13).  Taylor’s
studies also showed that pretreatment with anti-ICAM
antibodies ameliorated I/R lung injury in the isolated
rat lung model (30).  However, Welty-Wolf’s study
showed that monoclonal antibodies to ICAM-1 did
not ameliorate acute lung injury in E. coli sepsis, and
chances of survival are lower in septic primates given
anti- ICAM-1 (45).  More recently, Lu’s study showed
pre-I/R treatment with anti-ICAM-1 antibodies
reversed I/R-induced increase in pulmonary mic-
rovascular leakage.  The same study showed that anti-
ICAM-1 antibodies did not affect lung myeloper-
oxidase activity and the circulating neutrophil count
(29).

Our result showed that pre-I/R and post-I/R with
anti-ICAM-1 antibody have different effect on I/R.
We suggest that the increase of ICAM-1 expression
occurred after I/R (23) then anti-ICAM-1 antibody to
neutralize ICAM-1 might be beneficial for attenuation
on I/R with anti-ICAM-1 post-I/R treatment.  Why
pretreatment with anti-ICAM antibody immediately
induced severe pulmonary edema during reperfusion
in our study is unknown.  One potential reason for the
adverse physiologic outcome after anti-ICAM antibody
treatment pre-I/R, is a change in proinflammatory
cytokine profiles.  Welty-Wolf’s study reported that
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anti-ICAM antibody increased peak levels of interleukin
1 (IL-1) and increased both peak and duration of the
elevations in IL-6, IL-8, and tumor necrosis factor
receptor in sepsis (44).  Previous studies (35, 39, 43),
pretreatment of anti-ICAM-1 antibody may have altered
host response to I/R lung injury through effects of the
antibody on other immune or nonimmune cell function.
Blockade of ICAM-1 might redirect immune responses
toward more intense inflammation with excessive
“bystander” injury (39).  We, therefore, suggest that
treatment with anti-ICAM-1 antibodies should be given
with an appropriate dose at right dosing time during
the development of I/R.

In conclusion, TNF-α and ICAM-1 play important
roles in the development of the lung injury caused by
I/R.  Anti-TNF-α antibody alone have therapeutic and
preventive effect on I/R lung injury.  The combination
therapy by using anti TNF-α  antibody and anti-ICAM-
1 antibody produced no synergistic effect.  The effect
of various timing and dosing of anti-ICAM-1 antibody
on I/R need to be investigated further.
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