


K. M. MONSON







! LIBRARY
N Michigan State

o University
TFFR3 307

This is to certify that the
thesis entitled

HEPATIC ISCHEMIA/REPERFUSION INJURY AND THE ROLE OF P-
SELECTIN AND INTERCELLULAR ADHESION MOLECULE-1

presented by
Keith M. Monson, MD

has been accepted towards fulfillment
of the requirements for the

Master of degree in Surgery
Science

109 O tied

Major Professor’s Signature

A l,,, Zoo%

Date

MSU is an Affirmative Action/Equal Opportunity Institution



PLACE IN RETURN BOX to remove this checkout from your record.
TO AVOID FINES return on or before date due.
MAY BE RECALLED with earlier due date if requested.

DATE DUE

DATE DUE

DATE DUE

2/05 ¢/CIRC/DateDue.indd-p.1S



HEPATIC ISCHEMIA/REPERFUSION INJURY AND THE ROLE OF P-SELECTIN
AND INTERCELLULAR ADHESION MOLECULE-1

By

Keith M. Monson, MD

A THESIS

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

MASTER OF SCIENCE

Department of Surgery

2004



ABSTRACT

HEPATIC ISCHEMIA/REPERFUSION INJURY AND THE ROLE OF P-SELECTIN
AND INTERCELLULAR ADHESION MOLECULE-1

By

Keith M. Monson, MD

Hepatic ischemia-reperfusion (I/R) injury is mediated by neutrophils and thought
to be facilitated by their interaction with adhesion molecules expressed on endothelial
cells and hepatocytes. A role for P-selectin and intercellular adhesion molecule-1
(ICAM-1) in hepatic I/R injury has been implicated. We proposed that hepatic /R injury
would be attenuated in transgenic mice deficient in ICAM-1 and P-selectin (P/I null).
The P/I null mice and wild-type controls underwent 90 minutes of partial hepatic
ischemia followed by reperfusion times of 6 and 15 hours, and a survival study. Sham
controls underwent laparotomy and dissection but no ischemia. Hepatic injury was
assessed by plasma alanine aminotransferase (ALT) levels and by liver histopathology.
Neutrophil infiltration of liver was assessed using liver myeloperoxidase (MPO) levels
and immunohistochemical staining for neutrophils. Hepatic I/R induced significant liver
injury when compared to shams. No statistically significant differences were seen
between wild-type and P/I null mice in liver injury (ALT and histopathology), hepatic
neutrophil content (MPO and immunohistochemistry), or survival, although there was a
trend towards increased survival in the P/I null group. This study suggests that ICAM-1
and P-selectin are not critical for neutrophil infiltration and liver injury following hepatic

I/R.
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INTRODUCTION
Overview

This study investigated the role of the adhesion molecules P-selectin and
intercellular adhesion molecule-1 (ICAM-1) in hepatic ischemia-reperfusion (I/R) injury.
There is evidence that these molecules may be important for neutrophil-mediated hepatic
injury, namely, neutrophil sequestration in the liver, transendothelial migration through
the microvasculature, and adherence-dependent killing of hepatocytes. We hypothesized
that the cellular adhesion molecules P-selectin and ICAM-1 are important for neutrophil
adhesion mechanisms and hepatic injury following I/R.

Elucidating the roles of these adhesion molecules in hepatic I/R injury will help
us to understand the specific mechanisms of the process. By understanding these
mechanisms we can potentially design specific therapeutic interventions to prevent
hepatic /R injury. Such prevention will benefit patients undergoing hepatic
transplantation or resection as well as patients subjected to shock or temporary hepatic
ischemia as occurs after portal triad cross-clamping in hepatic trauma surgery.
Successful therapeutic interventions can prevent not only the hepatic injury but also the
adult respiratory distress syndrome (ARDS) and multiple organ dysfunction syndrome
(MODS) that often occurs with it. Additionally, a better understanding of the
mechanisms of hepatic I/R injury can provide valuable insights into the process of /'R
injury in other organs. Heart attacks, strokes, and ischemic events of the mesentery and
extremities are all very important clinical I/R problems.

Mice with deletions of the genes encoding for P-selectin and ICAM-1 were

employed to determine the importance of these molecules in hepatic I/R injury. Three



groups of mice were studied. The experimental group included male mice with genetic
deficiencies in P-selectin and ICAM-1 (P/I null mice) that were subjected to 90 minutes
of partial hepatic ischemia followed by variable reperfusion times. The positive control
group included male wild-type mice that similarly underwent 90 minutes of partial
hepatic ischemia followed by the same variable periods of reperfusion. The negative
control group (sham group) consisted of both P/I null and wild-type mice that underwent
laparotomy and hepatic mobilization without ischemia, followed by closure after 90
minutes and the same variable periods of reperfusion. The periods of reperfusion
examined were 6 hours, 15 hours, and a survival study in which surviving mice were
sacrificed after 3 weeks.

Hepatocyte injury was assessed by monitoring serum alanine aminotransferase
(ALT) and liver histopathology. Histopathologic changes in the hepatic tissue were
examined using standard hematoxylin and eosin (H+E) stained tissue under light
microscopy. Neutrophil infiltration into the hepatic parenchyma was éssessed using
immunohistochemical stains specific for mouse neutrophils. Neutrophil activity within
the hepatic tissue was also assessed by quantifying hepatic myeloperoxidase (MPO)

levels.



Review of the Literature

Hepatic I/R injury is an important clinical problem in surgery. It can occur during
surgical resection or transplantation of the liver, after portal triad cross-clamping for
control of hemorrhage in hepatic trauma, or after shock. In these situations, after a period
of ischemia, the liver’s endothelial cells and hepatocytes can be significantly injured
upon reperfusion. If severe enough, this can lead to liver failure, the systemic
inflammatory response syndrome (SIRS), ARDS, and MODS which are associated with
high rates of morbidity and mortality."? The clinical consequences of /R injury are well
described but many of the specific mechanisms involved remain to be elucidated.

Studies with endothelial cell monolayers have shown that hypoxia followed by
reoxygenation results in activation of xanthine oxidase, increased production of reactive
oxygen species (ROS), increased expression of adhesion molecules on the endothelial
cell surface, and a reduction in the barrier function of the endothelial cell.™"**4™3) I
addition to the alterations that occur in endothelial cells, I/R activates Kupffer cells which
generate ROS* and release various toxic mediators™ that further the inflammatory
cascade. Therefore, hepatic ischemia and subsequent reperfusion results in the early
activation of endothelial cells and Kupffer cells. These are the first steps in the complex
pathway that culminates in a neutrophil mediated hepatic I/R injury and its concomitant

systemic manifestations.



Xanthine Oxidase-Mediated Generation of Reactive Oxygen Species Occurs After
Hepatic Ischemia and Reperfusion

Experiments with hepatic /R in the late 1980s showed that after a period of
ischemia, upon reperfusion with blood, the liver sustained injury. This injury was not
seen in livers exposed to 60 minutes or 20 hours of ischemia without reperfusion.
Moreover, it appeared that the non-parenchymal cells, i.e. endothelial and Kupffer cells,
were injured to a significantly greater extent than the parenchymal cells.”® It was also
shown that explants perfused with nitrogen-saturated perfusate prior to implantation were
spared the reperfusion injury while explants perfused with oxygen-saturated perfusate
suffered significant injury. Similar injury had been found after /R in other organs
including the heart,” small intestine,'® and kidney."' Numerous studies using antioxidants
such as superoxide dismutase, catalase, glutathione and a-tocopherol or inhibitors of oxy-
radical formation such as allopurinol (which acts by inhibiting xanthine oxidase) showed
an attenuation of hepatic /R injury.'? These studies all support the concept that the liver
is injured by reperfusion after a period of ischemia and that oxygen radicals play an
important role in this injury.

Studies of I/R in a number of organs have demonstrated that upon reperfusion of
hypoxic tissues, free radicals are generated via the enzyme xanthine oxidase in an
oxygen-dependent reaction. Xanthine oxidase is distributed throughout normal tissues.
It is synthesized as xanthine dehydrogenase which accounts for 90 percent of its total
enzymatic activity in normal tissue. Xanthine dehydrogenase serves to reduce

nicotinamide-adenine dinucleotide (NAD") and is not capable of transferring electrons to



oxygen molecules to form ROS. However, xanthine oxidase uses molecular oxygen as a
substrate rather than NAD" and catalyzes the production of ROS (see Figure 1).

Under hypoxic conditions such as ischemia, xanthine dehydrogenase is converted to
xanthine oxidase. Ischemia deprives tissues of the oxygen ﬁeeded to generate adenosine
triphosphate (ATP). Without an adequate ATP supply cells become unable to maintain
the proper transmembrane ion gradient. An elevation of calcium levels in the cytosol
occurs and results in the activation a protease that converts the dehydrogenase to the
oxidase form. Additionally, ATP depletion results in increased levels of adenosine
monophosphate (AMP) which is catabolized to adenosine, inosine, and finally
hypoxanthine. Hypoxanthine is a substrate for the xanthine oxidase catalyzed production
of superoxide radical and hydrogen peroxide. The other substrate that is required for this
reaction is molecular oxygen. Therefore, ischemia results in an increase in the activity of
xanthine oxidase relative to xanthine dehydrogenase and also provides an abundant
supply of hypoxanthine, one of the required substrates for this reaction. Reperfusion
supplies the second required substrate, molecular oxygen, resulting in the generation of
superoxide radicals and hydrogen peroxide.'*!*

It was originally presumed that the intracellular ROS generated by the xanthine
oxidase pathway caused the cellular damage seen in I/R injury via lipid peroxidation.
However, several lines of evidence have since suggested that this mechanism was not
sufficient to induce the observed damage. Significant oxidant stress could not be
detected in reperfused livers in a leukocyte-free system.'® Additionally, hepatocytes have
a tremendous capacity to scavenge intracellular ROS.'® Finally, the amount of lipid

peroxidation required to cause significant liver cell injury is much higher than that seen



after UR."” It appears, therefore, that intracellular generation of ROS via the xanthine
oxidase pathway does not significantly contribute to liver cell injury after I/R via direct
mechanisms such as lipid peroxidation. However, indirect mechanisms resulting from
the xanthine oxidase mediated generation of ROS cannot be ruled out. Such mechanisms
may include the activation of transcription factors (e.g., nuclear factor-xB) that promote
the upregulation of pro-inflammatory molecules such as cytokines or adhesion molecules.
Although the xanthine oxidase pathway may not play a role in direct injury via the
generation of intracellular ROS, it may contribute significantly to the formation of
extracellular ROS. It has been shown that xanthine oxidase is released into the
circulation after hepatic I/R, in sufficient quantities to generate enough ROS to cause
endothelial cell injury.'® The plasma is a relatively anti-oxidant poor compartment and
prolonged periods of ischemia are likely to deplete plasma anti-oxidants. Therefore, the
potential for cellular injury caused by ROS generated by this pathway is greater than that
found in the intracellular compartment. Additionally, circulating xanthine oxidase may

play a role in the systemic tissue injury that affects multiple organs after hepatic /R

injury.
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Kupffer Cells Mediate The Early Stage of Hepatic Ischemia-Reperfusion Injury

Resident macrophages in the liver, or Kupffer cells, are another source of ROS
after /R. Upon hypoxia and reoxygenation, cultured rat Kupffer cells generated large
amounts of superoxide radical.* Other studies demonstrated that hepatic /R caused
morphologic changes in Kupffer cells such as swelling, ruffling, and increased number of
pseudopodia and lamellapodia indicating an activated state.'” There was an increased
uptake of carbon particles by the Kupffer cells after hepatic /R which is an indication of
increased Kupffer cell activity.?’ Ischemia/reperfusion also resulted in marked increases
in the production of tumor necrosis factor- a (TNF-a) and interleukin-1 (IL-1) which are
known to be secreted by activated Kupffer cells.2' Hence, numerous studies have
demonstrated both morphological and functional evidence that I/R results in the
activation of Kupffer cells.

Activated Kupffer cells release a variety of toxic mediators including superoxide
anion radical, proteases, leukotrienes, and cytokines such TNF-aand IL-1.4® The
contribution of Kupffer cells to /R injury has been shown to be important in a number of
studies utilizing Kupffer cell suppressing agents such as gadolinium chloride (GdCl;) or
methyl palmitate. Pretreatment with these agents in rat models of hepatic I/R injury
resulted in significantly reduced hepatic microcirculatory disturbances, decreased
generation of free radicals, decreased TNF-« levels, reduced hepatic neutrophil
infiltration, and reduced hepatocyte death.”*?® This initial Kupffer cell mediated phase of
hepatic /R injury causes hepatocyte damage within the first hour of reperfusion, most

likely through direct injury caused by Kupffer cell release of ROS and proteases. A later,



more severe phase occurs between 6 and 24 hours after the initiation of reperfusion and is
mediated predominately by neutrophils.?’

Kupffer cells are activated by I/R. Activated Kupffer cells then contribute to
hepatic I/R injury both directly, through additional generation of ROS and release of
proteases, and indirectly, through the release of a variety of inflammatory mediators.
Among the most important of these mediators released by activated Kupffer cells are the
cytokines TNF-aand IL-1. The primary source of TNF-arand IL-1 production is the
macrophage. There is an approximately two-hour delay between the induction of tissue
injury and the rapid increase in TNF. This suggests that this cytokine is not stored in
cells but is synthesized and secreted upon cell activation. TNF induces the production of
IL-1 and IL-6 by endothelial cells as well as platelet-activating factor (PAF) which is
chemotactic for neutrophils. IL-1 induces production of TNF,® neutrophil chemotactic
factor and monocyte chemoattractant protein-1. TNF-a and IL-1 also promote the
expression of adhesion molecules on endothelial cells and neutrophils which are thought
to play a role in the later neutrophil-mediated stage of IR injury.??>° These effects occur
through TNF-a and IL-1 induction of the transcription factor nuclear factor-xB (NF-

:(B).3 !

Nuclear Factor-kB Is Activated By Inflammatory Mediators and Regulates Transcription
of Additional Inflammatory Mediators

NF-«B is a ubiquitous transcription factor that is responsible for activating the
transcription of a number of genes encoding for pro-inflammatory proteins. Several
conditions present during reperfusion favor the activation of NF-kB. These include

oxidative stress, and the presence of TNF-q, IL-1, or leukotriene B4. Once activated by



these stimuli, NF-kB initiates the transcription of pro-inflammatory cytokines and
adhesion molecules which promote the chemotaxis, sequestration and transendothelial

migration of neutrophils.’?

Complement Factors Are Activated By ROS and Promote Further Inflammation

The activation of Kupffer cells is potentiated by activated complement factors.
Experiments in rat models showed that the macrophage-mediated oxidative stress was
enhanced by activation of complement factors and reduced by depletion or blocking of
these factors.”> Complement can be activated by ROS.* It is therefore not surprising that
the complement cascade is activated during reperfusion after ischemia. Complement
depletion or blocking reduced Kupffer cell generation of superoxide anion but did not
prevent it. Other factors such as phagocytosis of cellular debris and ischemia itself can
activate Kupffer cells. It seems that complement factors are not the sole cause of Kupffer
cell activation but they do contribute to their activation. Additionally, activated
complement factors induce the release of cytokines TNF and IL-1 establishing a positive
feedback loop with these cytokines. "% i3 Einally, complement factor C5a is a
potent chemotactic factor for neutrophils and has been shown to induce neutrophil-
mediated endothelial cell injury both in vitro and in vivo.>* Complement factor C5a is

involved in the upregulation of adhesion molecules and the activation of neutrophils.>’*®

Neutrophils Mediate The Late Phase of Hepatic Ischemia-Reperfusion Injury

As discussed previously, the early phase of hepatic I/R injury is mediated by

Kupffer cells and can be attenuated using agents that block Kupffer cell activity. Plasma

10



ALT levels can be used as a marker of hepatocyte injury as ALT contained within
hepatocytes is released into the plasma during hepatocyte injury. Plasma ALT levels rise
within the first hour of reperfusion but then do not change significantly until after six
hours of reperfusion. This early rise is secondary to the release of proteases and ROS by
Kupffer cells*? as well as the generation of ROS through the xanthine oxidase pathway'®
and by mitochondria.*®

Neutrophils begin to accumulate in the post-ischemic liver lobes within the first
six hours of reperfusion but do not significantly contribute to the early phase injury. This
is evidenced by experiments showing injury in this early phase is not affected whether
neutrophils are present or absent.2” Additionally, the injury is initiated before an
increasing number of neutrophils are detected in the liver.?? After six hours of reperfusion
however, a significant rise in plasma ALT level occurs which can be attenuated by
depleting the animal of neutrophils. This second phase of injury is more severe than the
first, begins after 6 hours of reperfusion, and continues for at least 24 hours. Neutrophil
accumulation peaks between 6 and 24 hours after reperfusion.?’

Neutrophil-mediated I/R injury requires several sequential steps. The first step is
neutrophil recruitment to and sequestration in the area of injury. As mentioned
previously, activated endothelial and Kupffer cells release a variety of inflammatory
mediators in the early stages of reperfusion. Several of these factors initiate neutrophil
recruitment and activation including TNF-a,** IL-1,*! activated complement factors,*
and PAF.*? A number of studies using in vitro systems and intravital microscopy have
shown that neutrophil velocity slows in response to inflammation, as the neutrophils

begin to roll along the endothelium of the post-capillary venules.**** This rolling occurs

11



as a result of weak interactions between selectins and their ligands expressed on
neutrophils and endothelial cells. Such rolling of neutrophils puts them in close contact
with the endothelium and exposes the neutrophils to high concentrations of locally
released inflammatory mediators. This stimulates neutrophil activation and the
upregulation of various cellular adhesion molecules on the surface of the neutrophils.
After rolling, neutrophils tightly adhere to the post-capillary endothelial cells and are thus
sequestered in the reperfused organ. Although the importance of neutrophil rolling and
adherence has been demonstrated in I/R injury in several organs including skeletal

46 478 mesentery, **heart,’! ****lung,** and brain,* their role in hepatic I/R injury

muscle,
is less certain.

In a number of organs, neutrophil sequestration is dependent on interaction
between adhesion molecules expressed on the surface of endothelial cells and on the
neutrophils themselves. Such adhesion molecules are upregulated in response to I/R.

Preventing this interaction, through the use of monoclonal antibodies (mAbs) against

various adhesion molecules, has resulted in an attenuation of injury. This has been

54,57 47,58

demonstrated after IR in the heart,”'**? intestine,*>** lung, skeletal muscle,””" and
brain.’® The primary site of neutrophil adherence and transendothelial migration in these
organs is the post-capillary venules. Neutrophil adhesion and transmigration in the post-
capillary venules results in extravasation of plasma proteins with increased fluid
filtration, edema, and impairment of tissue perfusion.5 % In the liver, however, the

neutrophils responsible for the late phase of /R injury are sequestered in, and

transmigrate through the sinusoids rather than the post-sinusoidal venules.

12



With the first step of neutrophil-mediated /R injury being neutrophil
sequestration and adherence, the second step is neutrophil transmigration through the
endothelial cell lining of the sinusoids, or transendothelial migration. In response to
neutrophil chemoattractants, neutrophils adherent to endothelial cells extend pseudopodia
between endothelial cells and pull themselves out of the vessel and into the interstitial
space.5'%® As mentioned previously, transendothelial migration after IR in the liver
occurs only through the sinusoids as opposed to the post-sinusoidal (or post-capillary)
venules as they do in other organs.®’ This step is dependent upon interactions between
adhesion molecules expressed on the surface of both neutrophils and endothelial cells. It
has been suggested that this step, although important for /R injury to occur in other
organs systems, may not play as critical a role in hepatic /R injury. Unlike endothelial
linings in other areas of the body, the hepatic sinusoids are fenestrated rather than
continuous. Additionally, since severe I/R injury can results in the damaging or even
removal of, sinusoidal endothelial cells, neutrophils may have free access to regions of
the hepatic parenchyma without transendothelial migration.®*%°

The third step in neutrophil-mediated I/R injury, after transendothelial migration,
is adherence-mediated hepatocyte injury. After extravasating, neutrophils bind directly to
hepatocytes in a process which is again mediated by cellular adhesion molecules.
Adherence of neutrophils to hepatocytes results in a significant increase in both the
quantity and duration of cytotoxic mediators generated by the neutrophils.’*%’ Activated
neutrophils bound to hepatocytes generate ROS and proteases that kill hepatocytes.

12;68

Experiments using antioxidants'>®® and protease inhibitors®”’" have shown an attenuation

of the neutrophil-mediated hepatic I/R injury.
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Cellular Adhesion Molecules Are Involved In The Process of Neutrophil Sequestration,
Transendothelial Migration, And Binding To Hepatocytes

Tumor necrosis factor-o, IL-1, C5a, and PAF released during the early stage of

I/R injury act, in part, by upregulating the expression of adhesion molecules on the
surface of endothelial cells, Kupffer cells, and hepatocytes. Neutrophils likewise
upregulate cell surface adhesion molecules which act as ligands to those upregulated in
the liver. The interactions between these adhesion molecules facilitate neutrophil
sequestration in the liver, transendothelial migration, binding to hepatocytes, and
ultimately hepatocyte injury and death.(Vi¥edin7h

There are three main families of cellular adhesion molecules involved in
inflammation. These include the selectins, the immunoglobulin gene superfamily, and
the integrins. V¥4 " 7273 The selectin family includes the three molecules L-selectin, E-
selectin, and P-selectin. L-selectin is constitutively expressed on leukocytes, including
neutrophils, and is shed from the cell surface upon activation of the neutrophil in
response to inflammatory stimuli. E-selectin is not normally expressed in the liver but its
expression on the luminal surface of large liver vessels, and to a lesser extent on the
sinusoidal endothelium, is upregulated in response to a variety of inflammatory
stimuli,""*** " 7D p_selectin (CD62P) is stored in the a-granules of platelets and the
Weibel-Palade bodies of endothelial cells. In response to inflammatory mediators
including TNF-a and IL-1, these vesicles fuse with the plasma membrane resulting in a
rapid expression of P-selectin on the cell surface.” P-selectin is not constitutively
expressed in any of the cells of the liver. However, in response to inflammatory stimuli,

P-selectin expression in the liver increases on the surface of the endothelial cells in the
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larger vessels but not in the sinusoids.”>”’ Sinusoidal endothelial cells lack Weibel-
Palade bodies.”

As mentioned previously, the initial contact between neutrophils and the
endothelium occurs as a result of interactions between the selectins and their ligands.
The selectins in general bind to sialyl-Lewis x and other fucosylated
carbohydrates."'**d™" ™) p_gselectin and E-selectins bind to a sialyl Lewis x glycoprotein
called P-selectin glycoprotein ligand-1 (PSGL-1) which is expressed on the surface of
neutrophils.”**° These low-affinity interactions are formed and then quickly break,
repetitively, resulting in the rotational motion of neutrophils along the endothelial surface
referred to as rolling.®'* Selectin-mediated rolling of neutrophils results in neutrophil
activation and the firm adherence of neutrophils to the endothelial cells which is
mediated by the other two families of adhesion molecules. Additionally, P-selectin
contains nine complement-binding short consensus repeats. There is evidence that the
expression of P-selectin may provide a binding site for complement thﬁs activating the
complement cascade. Complement activation can injure endothelial cells through the
formation of complement membrane attack complexes. Complement components also
serve as chemotactic factors for neutrophils.’85

The immunoglobulin gene superfamily includes the intercellular adhesion
molecules (ICAM-1, ICAM-2, and ICAM-3), platelet endothelial cell adhesion molecule-
1 (PECAM-1), and vascular cell adhesion molecule-1 (VCAM-1),(eviewedin72)

Intercellular adhesion molecule-1 is constitutively expressed on the surface of

sinusoidal endothelia and Kupffer cells in normal livers but is absent on hepatocytes.”

The inflammatory stimuli cause a greatly increased expression if ICAM-1 on the surface
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of sinusoidal endothelia as well as on endothelia of portal vein, artery, and central vein.
Expression of ICAM-1 is also increased on hepatocytes in response to specific
inflammatory stimuli.”’ The cytokines TNF-aand IL-1, which are released by Kupffer
cells during hepatic I/R, are both sufficient stimuli to induce this upregulation of ICAM-
1.*! Such upregulation of ICAM-1 requires transcriptional activation and increased
ICAM-1 messenger ribonucleic acid (nNRNA) can be detected in hepatic endothelial cells,
Kupffer cells, and hepatocytes.”

Integrins are membrane glycoproteins which assemble in dimers consisting of an
aand a B subunit. There are six known families of integrins each with a common 8
subunit (8- Bs). The B;-integrin Mac-1 (CD11b/CD18) is of particular interest because it
is upregulated primarily on the surface of neutrophils, monocytes, and macrophages (e.g.
Kupffer cells). ©"'¥472) [, these cells, Mac-1 is stored in granules that fuse with the
cell membrane in response to inflammatory mediators such as TNF-c, IL-8 and activated
complement factor C5a. Complement factor Sa incites the initial Mac-1 upregulation
while TNF- o maintains its expression for prolonged periods.® This results in a rapid
increase in the expression of Mac-1 that, unlike ICAM-1, does not require immediate
protein synthesis. Increased expression of Mac-1 on neutrophils has been shown in both
hepatic®” and muscular® models of /R. Intercellular adhesion molecule-1 is a ligand for
Mac-1 and there is evidence that the interaction between the two is necessary for both
transendothelial migration of neutrophils and binding to hepatocytes after certain
inflammatory insults.?® Various studies using blocking antibodies against either ICAM-1

or Mac-1 have shown decreased hepatocellular injury after I/R. 4872091
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Hepatic Ischemia-Reperfusion Injury Can Result in Systemic Manifestations and
Mortality

Multiple organ dysfunction syndrome is the leading cause of death in critically ill
patients. It is a documented consequence of ischemia and reperfusion to multiple organs
including the liver.”>** As previously discussed, hepatic I/R results in the release of
inflammatory mediators such as TNF-a and IL-1 from Kupffer cells in the early stages of
injury.2?® When released in large quantities, these mediators travel systemically through
the circulation. These systemic mediators can then activate the vascular endothelium in
multiple organs throughout the body inducing the expression of various adhesion
molecules including P-selectin and ICAM-1.%7 At the same time, these inflammatory
mediators activate circulating leukocytes which also upregulate expression of adhesion
molecules on their surfaces.”®* Thus, leukocyte-endothelial cell interactions can occur in
the vascular beds of organs throughout the body resulting in endothelial cell injury,
capillary leakage, leukocyte transmigration, and parenchymal injury.

Compromise of the intestinal mucosal barrier, which may occur in conjunction
with the primary ischemic injury or as a consequence of it, may result in the translocation
of enteric bacteria and lipopolysacchaaride to the mesenteric lymph nodes and portal
blood.'®'%? These bacterial challenges can activate monocytes resulting in their release
of further inflammatory mediators thus adding to the systemic inflammation and tissue
injury.'® Widespread generation of ROS from circulating xanthine oxidase'® and
systemic activation of the complement system™ may also contribute to systemic injuries
resulting from hepatic IR injury. The lung is the most frequently injured organ in
MODS and it can suffer various degrees of injury ranging from acute lung injury to

ARDS (eviewedin 104) These conditions are associated with high rates of mortality.
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Previous Studies Suggest P-selectin and ICAM-1 May Play A Role in Neutrophil-
Mediated Hepatic Ischemia-Reperfusion Injury

Experiments using monoclonal antibodies to P-selectin in murine models of
hepatic /R injury have been performed. Blockade of P-selectin in these models resulted
in decreased hepatic tissue injury and improved survival.'®'% Additionally, intravital
video microscopy in this model revealed that I/R caused significant increases in the
number of neutrophils rolling along and adhering to endothelial cells in the terminal
hepatic venules. Blocking P-selectin resulted in attenuation of this neutrophil
behavior.'”” Blocking P- and E-selectins using soluble P-selectin glycoprotein ligand-1 in
a murine model of hepatic I/R similarly suppressed hepatic neutrophil infiltration and
injury and improved survival.'® More recent studies have utilized gene-targeted mice
deficient in P-selectin in hepatic /R models. These studies showed decreased leukocyte
rolling and adherence in terminal hepatic venules'®’ and decreased liver injury in the P-
selectin knockout mice when compared to wild-type controls.'®!!?

Multiple experiments using monoclonal antibodies to block ICAM-1 in models of
murine hepatic I/R injury showed that hepatocellular injury was significantly reduced in
the animals receiving the anti-ICAM-1 antibody.”*!!""'"* Decreased adherence of
neutrophils to the venular endothelial cells was observed in animals receiving the
antibody but the antibody did not affect sinusoidal leukocyte adherence®'or hepatic
neutrophil infiltration in general.*® Additionally, in a hepatic transplant model, blocking
ICAM-1 with monoclonal antibodies did not improve early graft function.'"*

Several recent studies have examined the combined roles of selectins and ICAM-

1 in various murine models. A recent hepatic I/R study employing mice deficient in
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either ICAM-1, L-selectin, or both molecules showed that decreased injury and improved
survival occurred in the L-selectin deficient mice and the combined L-selectin/ICAM-1
mice but not in the ICAM-1 deficient mice. This study suggests that L-selectin plays a
more dominant role than ICAM-1 in mediating hepatic injur.y.l 16 Kamochi et al
investigated an endotoxin-induced model of hepatic injury in mice deficient in both P-
selectin and ICAM-1.""7 These mice had decreased hepatic neutrophil activity and
reduced vascular permeability relative to wild-type mice. Mortality in the double mutant
mice was delayed but overall survival was unaffected. Separate studies have utilized both
blocking antibodies and genetic deletions to assess the role of ICAM-1 and P-selectin in
myocardial /R injury. Lefer et al showed that blocking antibodies for either I[CAM-1 or
P-selectin resulted in improvement of post-ischemic myocardial blood flow and reduction
in neutrophil accumulation. 118 However, the co-administration of both antibodies
simultaneously did not improve these parameters over administration of the antibodies
individually. In mice genetically deficient in P-selectin and ICAM-1 a significant
reduction in neutrophil infiltration was observed. However, there was no difference in
infarct size in these animals relative to wild-type controls.''® Bullard et al investigated
genetic knockout mice deficient in P-selectin and ICAM-1 receiving intraperitoneal
injections of Streptococcus pneumoniae.'*® They found that these mice had a complete
loss of neutrophil emigration into the peritoneal space while wild-type controls had
extensive neutrophil emigration. These same double knockout mice, when subjected to
S. pneumoniae induced pneumonia, had completely normal neutrophil emigration into the
alveolar spaces when compared to wild-type controls.'? All of these studies demonstrate

that there is a great deal of diversity in neutrophil response to selectins and ICAM-1.
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These responses are dependent on the etiology of the inflammation (e.g. endotoxin,
chemical irritation, I/R), the method of neutralizing the adhesion molecules (i.e. blocking
antibodies, soluble ligands, genetic deletions), and the nature of the affected organ.

A role for the adhesion molecules ICAM-1 and P-selectin in hepatic /R injury
has been suggested. The combined roles of P-selectin and ICAM-1 in hepatic /R injury
have not been previously characterized. Also, the majority of previous studies examining
these molecules in hepatic /R injury employed blocking antibodies to neutralize these
adhesion molecules. However, such antibodies may not be completely specific for the
molecules they seek to block. The use of such antibodies may result in the non-specific
suppression of other undetermined molecules that may play a role in inflammation.'?'
Because of this uncertainty, genetic manipulation to delete the P-selectin and ICAM-1
molecules would be preferable to blocking antibodies in investigating the roles of these
molecules in hepatic /R injury.

We hypothesized that the cellular adhesion molecules P-selectin and ICAM-1 are
necessary for neutrophil-infiltration and hepatic injury following I/R. In this study we
used mice with deletions of the genes encoding for P-selectin and ICAM-1 to determine

the importance of these molecules in hepatic I/R injury.
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MATERIALS AND METHODS

Animals

Gene-targeted mice deficient in P-selectin and ICAM-1 (P/I null), CS7BL/6-
Icam1™'B#Selp™!B# were purchased from the Jackson Laboratory (Bar Harbor, ME).
These mice demonstrate an increased number of neutrophils in the blood and a complete
loss of neutrophil emigration into the peritoneum during Streptococcus pneumoniae-
induced peritonitis.'® Homozygotes are viable and fertile with no obvious phenotypic
abnormalities. Male double-knockout mice were either bred under the guidance of the
University Laboratory Animal Resources, Michigan State University, or purchased
directly from the Jackson Laboratory. Wild-type mice were C57BL/6 from Charles River
Laboratories, Portage, MI. Mice were maintained on 12-hour light and 12-hour dark
cycles. The animals had access to food and water ad libitum. All experimental
procedures were reviewed and approved by the Michigan State Univefsity Animal Use

and Care Commiittee.

Model of Partial Hepatic Ischemia/Reperfusion Injury

A murine model of lobar hepatic ischemia/reperfusion was utilized.”'*'>  All
surgical procedures were performed at a controlled room temperature (22-24° C) under
aseptic conditions using sterilized instruments. Mice were anesthetized with 1-2 ml of
methoxyflurane (Schering-Plough, Union, NJ) applied to gauze in a face cone, which was
fashioned from a 50-ml Corning polypropylene disposable centrifuge tube (Corning,
NY). Once adequate anesthesia was obtained, as determined by a negative foot pinch

reflex, an intraperitoneal injection (15 mg/kg) of pentobarbital sodium (50mg/ml, Abbott
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Laboratories, North Chicago, IL) was administered. The animal was restrained in the
supine position on the operating bed. The face cone was re-applied as needed to maintain
anestl;esia. The abdomen was shaved and prepped with povidone-iodine (Betadine®,
Purdue Frederick Company, Norwalk, CT). A midline incision was made from the
xiphoid process to the pubis. The small and large bowel were eviscerated and wrapped in
normal (0.9%) saline moistened gauze (2 in. x 2 in., The Kendall Company, Mansfield,
MA). The liver was exposed completely. The ligamentous attachments of the left lateral
and median lobes were carefully divided. The left lateral and median lobes were freed.
The portal circulation to both of these lobes was carefully dissected. The portal vein and
hepatic artery supplying the median and left lateral lobes was then interrupted with the
application of an atraumatic vascular clamp (Accurate Surgical and Scientific Instruments
Corporation, Westbury, NY) to the vascular pedicle. The left lateral lobe was also
rotated 180 degrees counter-clockwise on its vascular pedicle to eliminate any potential
perfusion that might occur with an imperfect clamp occlusion. The caudate and right
lateral lobes, as well as the papillary and quadrate processes of the liver were perfused to
prevent mesenteric congestion and its potential to allow bacterial translocation. This
results in the induction of ischemia to approximately 70% of the liver.'*%!?* The small
and large bowel were replaced into the abdominal cavity. One ml of sterile normal saline
was dripped into the abdominal cavity to replace insensible fluid losses and prevent
desiccation. During hepatic ischemia, the abdomen was covered with plastic wrap (S. C.
Johnson & Son, Inc., Racine, WI) to prevent evaporation. After 90 minutes of partial
hepatic ischemia, the clamp was removed, the left lateral lobe was rotated 180 degrees

clockwise to return it to its anatomic position, and reperfusion was initiated. The midline
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laparotomy was closed in a single layer using 5-0 nylon suture on an FS-2 needle
(Ethicon, Inc., Somerville, NJ). Sterile Lactated Ringers solution (Abbott Laboratories,
North Chicago, IL), 0.6 ml, was administered subcutaneously to compensate for
operative blood and fluid losses. Sham mice underwent an identical procedure but
without vascular occlusion and rotation of the left lateral lobe. Mice were euthanized
after 6 and 15 hours of reperfusion. Additionally, a survival study was performed which
included a control group using wild-type mice and an experimental group using P/I null
mice but no sham group. Mice in the survival study were observed after surgery and the
length of survival from the time reperfusion was initiated was recorded. Mice surviving
three weeks were euthanized at that time. The vascular clamp placement and areas of

induced ischemia are illustrated in Figure 2.
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Median Lobe

Left Lateral
Lobe

Papillary and Quadrate
Processes

Caudate and Right
Lateral Lobes

Figure 2. Model of Partial Hepatic Ischemia

The blood supply to the median and left lateral lobes is interupted with an atraumatic
microvascular clamp as shown. The total ischemia time is 90 mil followed by
various reperfusion times.
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Immunohistochemistry for ICAM-1 and Neutrophils

ICAM-1 expression was analyzed by immunohistochemistry using an Armenian
hamster IgG anti-mouse primary mAb (3E2) specific for ICAM-1 (CD54) (01541D,
PharMingen, San Diego, CA). Biopsies of the ischemic median lobe were placed in
intermediate Cryomolds (Miles Inc., Elkhart, IN) and embedded in embedding medium
(Tissue-Tek“’J 0O.C.T. Compound, Sakura Finetek U.S.A., Inc., Torrance, CA). The
samples were then snap frozen by floating the specimen molds in 2-methylbutane (Fisher
Scientific, Pittsburgh, PA) pre-chilled in liquid nitrogen and then stored at —70° C.
Cryosections were cut at 5 microns, and placed on frosted glass slides (VWR Scientific,
Chicago, IL). The tissue sections were fixed in cold acetone for ten minutes and air
dried. Slides were then placed in a humidified chamber. The slides were rinsed with
Tris-buffered saline (TBS)(BioRad, Hercules, CA), pH 7.4, and incubated in TBS for 5
minutes. This was repeated for a total of two washes. To prevent nonspecific binding,
the slides were incubated in goat serum (Vector Laboratories, Inc., Burlingame,
CA)/hydrogen peroxide (Sigma Chemical Company, St. Louis, MO) for 10 minutes. The
slides were then rinsed twice with TBS for 5 minutes per rinse. Next the slides were
incubated with Avidin-D (Vector Laboratories, Inc., Burlingame, CA) and incubated for
15 minutes, followed by a wash with TBS. Biotin Blocking Reagent (Vector
Laboratories, Inc., Burlingame, CA) was then applied to the slides and incubated for 15
minutes. This procedure was done to block the endogenous biotin activity present in
liver tissue. Slides were again washed with TBS for 5 minutes and the excess was
removed. Next 100 pl of the primary antibody, anti-mouse ICAM-1 antibody (10pg/ml),

was applied to the tissue and incubated for 60 minutes at room temperature. The slides
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were then rinsed three times with TBS for a total of 10 minutes and the excess was wiped
away. Next 100 ul of the secondary antibody, biotin-conjugated mouse anti-hamster IgG
mAb (12102D, PharMingen, San Diego, CA) was applied to the tissue and incubated for
30 minutes at room temperature. A 10-minute TBS rinse was again performed.
Vectastain ABC Reagent (Vector Laboratories, Inc., Burlingame, CA) was applied to the
tissue and incubated for 30 minutes, followed by a 10-minute TBS rinse. The 3,3’-
Diamino benzidine tetrahydrochloride (DAB) enhancing solution (Pierce Chemical
Company, Rockford, IL) was then applied and incubated for 10 minutes. The slides were
then rinsed with 0.05 M sodium bicarbonate (J. T. Baker Chemical Company,
Phillipsburg, NJ) and incubated for 10 minutes. The DAB enhancing solution was
applied for 5-10 seconds per slide and rinsed with distilled water.

The tissues were then stained in hematoxylin (Gill’s Formula, Vector
Laboratories, Inc., Burlingame, CA) for 5 minutes. The slides were then rinsed with
distilled water until the effluent was clear. Next the slides were dipped ten times in 2%
acetic acid (EM Science, Gibbstown, NJ), followed by rinsing with distilled water. The
slides were then placed in a bluing solution (1.5 ml NH,OH (EM Science, Gibbstown,
NJ) and 98.5 ml 70% EtOH) for one minute. Slides were then dipped ten times in
distilled water and allowed to air dry. Finally, a coverslip was applied with a drop of
Dako Mounting Media (Dako Corporation, Carpinteria, CA)

Immunohistochemical staining for neutrophils was performed on biopsies of the
ischemic lobes embedded in OCT as described above for ICAM-1. The primary antibody
was a rat IgG,, anti-mouse neutrophil mAb (7/4) (CL8993AP, Cedarlane, Accurate

Chemical & Scientific Corporation, Westbury, NY); while the secondary antibody was
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the biotin-conjugated mouse anti-rat IgG mAb (PharMingen, San Diego, CA). The

procedure was otherwise as described above.

Determination of Plasma Alanine Aminotransferase Levels

Plasma levels of ALT were utilized as an established marker of hepatic /R
injury.''® Blood samples were obtained from the right ventricle via a midline sternotomy
at the time of sacrifice. The blood was collected in a sterile heparinized (50 pl, 100 USP
Units/ml, Abbott Laboratories, North Chicago, IL) 3 cc syringe (Becton Dickinson &
Co., Franklin Lakes, NJ) with a 25G needle (Becton Dickinson & Co., Franklin Lakes,
NJ) and placed in an ice bath. The blood was immediately centrifuged (Eppendorf Model
5415C, Brinkmann Instruments, Inc., Westbury, NY) at 14,000 rpm in 18-20° C for 15
minutes. The plasma fraction was then transferred to two sterile 1.5 ml eppendorf
microcentrifuge tubes (Brinkmann Instruments, Inc., Westbury, NY) using a sterile
transfer pipette (Sarstedt, Inc., Newton, NC). The plasma was then stored at —70°C until
processing of the ALT assay.

Measurement of plasma ALT was performed using a diagnostic kit from Sigma
Chemical Company (St. Louis, MO). This assay is based on colorimetric measurement
of transaminase in plasma by formation of 2, 4-dinitrophenylhydrazones of the keto-acids
produced by the enzymes.'?® Briefly, 1.0 ml of Alanine-a-KG Substrate (Sigma
Chemical Company, St. Louis, MO) was pipetted into 15 ml disposable glass culture
tubes (VWR Scientific, Chicago, IL). Plasma samples were diluted in 0.9% saline. Next
200 pl of each diluted plasma sample was added to each tube and vortexed (Vortex Genie

2, Fisher Scientific, Pittsburgh, PA) for 10 seconds. The samples were then incubated in
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a 37° C water bath (Lauda, Model M20, VWR Scientific, Chicago, IL) for 30 minutes.
Next, 1.0 ml of Sigma Color Reagent was added to the reaction tube and vortexed and
incubated at room temperature for 20 minutes. The reaction was stopped with 10 ml of
0.40N sodium hydroxide (J. T. Baker Chemical Company, Phillipsburg, NJ) solution.
The tubes were then covered with Parafilm® “M” (American National Can, Menasha,
WI) and the contents mixed using gentle inversion. After 5 minutes, the absorbance was
measured at 500 nm using a Spectramax Plus Microplate Reader (Molecular Devices,
Sunnyvale, CA). A standard curve was generated from a plot of the O.D. values at 500
nm versus concentrations of the standard sample (Sigma Chemical Company, St. Louis,
MO) with a known amount of ALT activity per ml (Sigma-Frankel Units/ml). The
plasma concentration of ALT activity in the experimental samples was then calculated

from the standard curve. Results were expressed in International Units per liter (IU/L).

Histological Assessment of Hepatocellular Damage

Portions of the ischemic and non-ischemic liver lobes were fixed in buffered 10%
formalin and embedded in paraffin. Sections were cut to 5 microns, which underwent
routine staining with hematoxylin and eosin (H+E). The tissues were examined by a
board certified veterinary pathologist (J.H.) who was blinded from the experimental

treatment of the individual mice.
Determination of Hepatic Myeloperoxidase Levels

Tissue levels of MPO were utilized as a specific marker of the hepatic neutrophil

content.'?’ This assay is based on the oxidation of tetramethylbenzidine (TMB) by the
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enzyme MPO, which is specific to neutrophils. The reagent TMB turns blue in its
oxidized form.

Hepatic tissue harvested from the animal was snap frozen in liquid nitrogen,
wrapped in aluminum foil, and stored at —70°C until processing for determination of
tissue MPO levels. Between 100 and 500 mg of tissue was weighed and placed in 10 ml
of cold homogenization buffer (0.02 M potassium phosphate buffer, pH 7.4 with 0.1 mM
EDTA) kept on ice. Tissue was then homogenized using a Tissue Tearor® (model 985-
370, Biospec Products, Inc., Bartlesville, OK) set to level 2 until the tissue was liquefied.
The solution was then transferred to a new 10 ml high speed centrifuge tube and
centrifuged at 9500 revolutions per minute (rpm) for 5 minutes at 4° C. The supernatant
was discarded using a plastic transfer pipette and the pellet was gently dislodged.
Hexadecyltrimethylammonium bromide (HTAB) suspension buffer (0.05 M potassium
phosphate buffer, pH 6.0 with 0.5% HTAB) was added to the tissue in a ratio of 200 ul of
buffer to 100 mg of tissue. The solution was frozen at —70° C and then allowed to thaw.
The samples were sonicated at 25% per second for 40 seconds using an ultrasonic
processor (Sonicator,® Misonox, Inc., Farmingdale, NY). Samples were again frozen at —
70° C and then allowed to thaw before being sonicated again. Samples were then
incubated at 60° C for 2 hours'?® and centrifuged at 9500 rpm for 5 minutes at 4° C. The
supernatant was then transferred to a 1.5 ml eppendorf tube and centrifuged at 14,000
rpm for 1 minute at 4° C. The new supernatant was divided between two 1.5 ml
eppendorf tubes and stored in a freezer at -70° C. Sample, control, and standard solutions
were pipetted in duplicate into a 96 well microtiter plate in a volume of 25 ul per well.

TMB substrate (Cat#34021ZZ, Pierce, Rockford, IL) was added in a volume of 100 ul

29



and the plate was allowed to develop at room temperature for 8 minutes. The reaction
was stopped with 100 ul of 2.0 M sulfuric acid. The absorbance of the plate was then
read at 450 nm using the Spectramax Plus Microplate Reader. A standard curve was
generated from a plot of the optical density values at 450 nm versus the standard control
sample (Cat#34021ZZ, Pierce, Rockford, IL) with a known amount of MPO activity per
ul. The tissue concentration of MPO activity in the experimental samples was then

calculated from the standard curve.

Statistical Analysis

A Kruskal-Wallis One-Way Analysis of Variance followed by a Bonferroni test
were utilized to test for differences in ALT and MPO between sham, wild-type, and P/I
null mice. Survival data was assessed using the Kaplan-Meier log rank test. Analysis
was performed using the Number Cruncher Statistical System (Number Cruncher
Statistical Systems, Kaysville, UT). A p value less than 0.05 was considered statistically

significant.
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RESULTS

Verification of ICAM-1 Deficiency in P/I Null Mice

ICAM-1 expression was assessed in situ by speciﬁ§ immunohistochemical
staining for ICAM-1 (CD54) utilizing a specific monoclonal antibody to mouse ICAM-1.
ICAM-1 was demonstrated to be expressed in wild-type mice after /R as indicated by
intense brown staining along the endothelium of the central vein, sinusoids and portal
vasculature (Figure 3A). In P/I null mice after /'R, ICAM-1 deficiency was confirmed by
the lack of staining along the endothelium (Figure 3B). It should be noted that this

image, and all images in this thesis are presented in color.
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Figure 3A. ICAM-1 Staining In Wild-Type Mouse Liver

Immunohistochemical stain for ICAM-1 appears dark brown along the endothelial
margins in this wild-type mouse liver after 90 minutes of ischemia followed by 6

hours of reperfusion.
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1 Staining In P/I Null Mouse Liver

Figure 3B. ICAM

in these 1

1

of ICAM-

the ab

-

Absence of the dark brown immunohistochemical stain in this tissue section of P/I
null mouse liver after 90 minutes of ischemia followed by 6 hours of reperfusion
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Demonstration of Hepatocellular Injury By Quantifying Plasma ALT Levels

Hepatic I/R caused significant hepatocellular damage as demonstrated by plasma
ALT levels. The plasma ALT levels of both wild-type and P/I null mice after 90 minutes
of ischemia followed by 6 and 15 hours of reperfusion were significantly elevated
compared to the sham-operated mice at the same time points. However, there was no
statistically significant difference in ALT levels between the wild-type and P/I null mice
at either time point (Table 1, Figure 4, Figure 5). The sample size was 7 mice for each of

the ischemia groups and 6 mice for each of the sham groups.
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Reperfusion
Time

Assay Sham Wild-Type P/I Null

6h

15h

W. . mﬂh‘mw{m
L R ol W, L@y,

MPO (IU/mL) 0.36 + 0.02 0.67 +0.06* 0.60 + 0.05*
BLT (UML) 43756 T1820.7.4.351* "1095.6 + 2923
MPO (IU/mL) 0.49 + 0.05 0.76 + 0.05* 0.71 +0.07

Table 1. Summary of Plasma ALT and Hepatic MPO Levels in Wild-Type
and P/I Null Mice

Values are expressed as the mean + SEM with n = 6 for each sham group and n = 7 for
each of the IR groups. *Indicates groups with a statistically significant difference
compared to shams.
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Plasma ALT After 6 Hours of Reperfusion

Mean ALT (U/L)

Sham Wild-Type* P/ Nul*

Figure 4. Plasma ALT After 90 Minutes of Hepatic Ischemia and 6 Hours of
Reperfusion

Values are expressed as the mean with the error bars rep ing + SEM. * Indi
statistically significant difference from the sham group. Wild-type ischemic mice were
not significantly different from P/I null mice.
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Plasma ALT After 15 Hours of Reperfusion

Mean ALT (U/L)

Sham Wild-Type* PANull*

Figure 5. Plasma ALT After 90 Minutes of Hepatic Ischemia and 15 Hours of
Reperfusion

Values are expressed as the mean with the error bars rep ing + SEM. * Indi
significant difference from sham group. Wild-type ischemic mice were not significantly
different from P/I null mice.
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Demonstration of Hepatocellular Injury by Histopathology — Hematoxylin and
Eosin Staining

Tissue sections harvested from the post-ischemic lobes of liver were stained with
H+E and divided into five groups (sham-operated mice, wild-type mice after 6 hours of
reperfusion, P/I null mice after 6 hours of reperfusion, wild-type mice after 15 hours of
reperfusion, and P/I null mice after 15 hours of reperfusion). Each group was examined
by a board certified veterinary pathologist (J.H.) who was blinded to the type of mouse,
the procedure performed, and the length of reperfusion.

The histostructure of the liver lobule consists of three main regions. The
periportal area includes the portal triad, which is comprised of the portal vein, hepatic
artery and bile duct. The pericentral or centriacinar area surrounds the central vein. The
midzonal region is found between the periportal and centriacinar areas. Histopathologic
evidence of hepatic I/R injury characteristically includes sinusoidal congestion,
cytoplasmic vacuolization, hepatocellular necrosis and neutrophil infiltration.'?
Typically, after I/R, there is relative sparing of the periportal region, and significant
necrosis in the midzonal and centriacinar regions.

Liver sections from sham-operated mice displayed minimal or no necrosis (Figure
6). The liver sections from mice that had undergone hepatic I/R, however, all shared
similar histopathologic characteristics (Figures 7A, 7B, 8A, and 8B). In these mice focal
areas of hepatocellular degeneration and coagulative necrosis with associated sinusoid
congestion, hemorrhage and accumulation of neutrophils (i.e., acute neutrophilic
inflammation) were observed. Often sinusoidal microthrombi and larger fibrinous
thrombi in the lumens of adjacent central veins were also present in the most affected

regions of the liver. Necrotic areas in the hepatic parenchyma varied in size from small
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foci restricted to midzonal or centriacinar regions in widely scattered acini to large
coalescing areas of midzonal and centriacinar necrosis bridging several acini. Often
periportal regions were spared, but in some areas of severe (massive) necrosis these
regions of the acinus were also affected.

The only difference detected in the hepatic histopathology among the four /R
groups was the extent of the hepatic parenchyma undergoing necrosis. The wild-type
group undergoing 6 hours of reperfusion generally had larger areas of coagulative
necrosis when compared to P/I null mice after 6 hours of reperfusion, wild-type mice
after 15 hours of reperfusion, and P/I null mice after 15 hours of reperfusion. The 6 hour
wild-type group generally had massive areas of necrosis involving more than 75% of the
liver section (Figure 7A) while the other three groups had moderate hepatocellular
necrosis involving approximately 20 to 50% of the hepatic parenchyma (Figures 7B, 8A,
and 8B). Other characteristics among the four I/R groups were similar. The reasons as to
why the wild-type group undergoing 6 hours of reperfusion should have larger areas of
coagulative necrosis are not clear but it is possible these differences are due to small liver

tissue sample sizes.
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Figure 6. Histopathologic Tissue Section Stained With H+E From Sham-Operated

Mouse

Little or no hep 1lul is with minimal phil infiltration was observed in
this group.
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Figure 7A. Histopathologic Tissue Section Stained With H+E From Wild-Type Mouse
After 6 Hours of Reperfusion

Large areas of hep 1lular d ion and coagulati is with iated
sinusoid congestion, hemorrhage and accumulation of neutrophils were seen in this
group. This group had massive areas of necrosis often involving more than 75% of the
liver section. Cells closest to the portal vein were i ly spared from i
(PV = portal vein)
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Figure 7B. Histopathologic Tissue Section Stained With H+E From P/I Null Mouse
After 6 Hours of Reperfusion

Large areas of hep 1lular d ion and coagulati is with iated
i id ion, hemorrhage and lation of phils were seen in this
group. This group had large areas of necrosis often involving 20-50% of the liver
section. (PV = portal vein)
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Figure 8A. Histopathologic Tissue Section Stained With H+E From Wild-Type Mouse
After 15 Hours of Reperfusion

Large areas of hep Ilular d ion and coagulati is with iated
i id congestion, I hage and lation of phils were seen in this
group. This group had large areas of necrosis often involving 20-50% of the liver
section. (PV = portal vein)
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Figure 8B. Histopathologic Tissue Section Stained With H+E From P/I Null Mouse
After 15 Hours of Reperfusion

Large areas of hep 1lular d ion and lati is with iated
sinusoid congestion, hemorrhage and accumulation of neutrophils were seen in this
group. This group had large areas of necrosis often involving 20-50% of the liver
section. (PV = portal vein; CV = central vein)




Demonstration of Liver Neutrophil Content By Quantifying Hepatic
Myeloperoxidase Levels

Myeloperoxidase is an enzyme contained specifically in neutrophils. Hepatic
tissue sections were processed to quantify their MPO content in wild-type and P/I null
mice to compare the neutrophil content of both sham-operated and ischemic groups.
Hepatic I/R caused significant neutrophil infiltration into the liver as demonstrated by
hepatic MPO levels. The hepatic MPO levels of both wild-type and P/I null mice after 90
minutes of ischemia followed by 6 and 15 hours of reperfusion were significantly
elevated compared to the sham-operated mice at the same time points. However,
although the liver MPO contents of P/I null mice were elevated after 15 hours of
reperfusion, it did not reach a statistical significance when compared to the sham values
(Figure 10). There was no statistically significant difference in MPO levels between the

wild-type and P/I null mice at either time point (Table 1, Figure 9, Figure 10).
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Hepatic MPO After 6 Hours of Reperfusion

Mean MPO (U/ml)

Sham Wild-Type* P/Null*

Figure 9. Hepatic MPO After 90 Minutes of Hepatic Ischemia and 6 Hours of
Reperfusion

Values are expressed as the mean + standard error of the mean. * Indicates significant
difference from sham group. The wild-type ischemic group was not significantly
different from the P/I null group.



Hepatic MPO After 15 Hours of Reperfusion

Mean MPO (U/ml)

Sham Wild-Type* P/ Null

Figure 10. Hepatic MPO After 90 Minutes of Hepatic Ischemia and 15 Hours of
Reperfusion
Values are expressed as the mean + standard error of the mean. * Indicates a significant

difference compared to the sham group. The wild-type ischemic group was not
significantly different from P/I null group.
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Demonstration of Neutrophil Infiltration Using Immunohistochemistry

Immunohistochemical staining for neutrophils was utilized to visualize neutrophil
infiltration in the liver. In situ immunohistochemical staining for neutrophils was carried
out using a specific monoclonal antibody to mouse neutrophils. Few neutrophils were
identified in the livers of sham operated wild-type and P/I null mice at each time point
(Figure 11A). However, after 90 minutes of ischemia and 6 hours of reperfusion a large
number of neutrophils infiltrated into the hepatic parenchyma of wild-type mice (Figure
11B). Extensive infiltration of neutrophils into the hepatic parenchyma was also seen in
the P/I null mice subjected to the same time periods of ischemia and reperfusion (Figure
110).

In wild-type mice subjected to 15 hours of ischemia after 90 minutes of
reperfusion neutrophil infiltration was still seen via immunohistochemistry (Figure 12A).
The number of neutrophils infiltrating into the hepatic parenchyma was again greater than
in sham-operated mice. Similarly, P/I null mice subjected to 90 minutes of ischemia
followed by 15 hours of reperfusion were also found to have neutrophils infiltrating into

the hepatic parenchyma greater than in sham-operated mice (Figure 12B).
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Figure 11A. I histochemical Staining For N phils In Sham Mice

Th:shcpahchsswsechonmpresenmthelymcalspmseneuuophﬂmﬁlmonseenm
d mice. hils stain dark brown. This particular section is from a

wﬂd-type sham-operated mouse.
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Figure 11B. [ histochemical Staining For Neutrophils In Wild-Type Mice After 6
Hours of Reperfusion

This hepatic tissue section rep the typical hil infiltration seen in

wild-type mice after 90 minutes of ischemia followed by 6 hours of reperfusion.
Neutrophils stain dark brown.
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Figure 11C. I histochemical Staining For Neutrophils In P/I Null Mice After 6
Hours of Reperfusion

This hepatic tissue section rep the typical i il infiltration seen in

typi
P/1 null mice after 90 minutes of ischemia followed by 6 hours of 1 reperﬁlsnon
Neutrophils stain dark brown.
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Figure 12A. I histochemical Staining For Neutrophils In Wild-Type Mice After
15 Hours of Reperfusion

This hepatic tissue section rep: the typical phil infiltration seen in wild-type
mice after 90 minutes of ischemia followed by 15 hours of reperfusion. Neutrophil
infiltration at this time point is greater than in shams. Neutrophils stain dark brown.
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Figure 12B. Immunohistochemical Staining For Neutrophils In P/I Null Mice After 15
Hours of Reperfusion

This hepatic tissue section represents the typical neutrophil infiltration seen in wild-type

mice after 90 minutes of ischemia followed by 15 hours of reperfusion. Neutrophil
infiltration at this time point is greater than in shams. Neutrophils stain dark brown.
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Survival Study

Ten wild-type and ten P/I null mice were subjected to 90 minutes of partial
hepatic ischemia after which the vascular clamp was removed and the abdomen closed in
the manner described in the methods section. The mice were observed post-operatively
and their approximate times of death were recorded. At the end of three weeks, all
surviving mice were euthanized. This study found that all P/I null mice survived the full
three weeks while only 7 out of 10 of the wild-type mice survived that long. The Kaplan-
Meier log rank test showed no statistically significant difference between the two groups

(p = 0.067) although a trend towards improved survival in the P/I null group was

apparent (Figure 13).
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Figure 13. Kaplan-Meier Survival Curve

The plot shows four curves. The top curve (horizontal line) is the survival curve for the
P/I null mice (10/10 mice survived). The third curve from the top is the survival curve
for the wild-type mice (7/10 mice survived). The second and last curves from the top
represent the 95% confidence intervals for the wild-type mice. Wild-type survival was
not significantly different from P/I null survival (p = 0.067) although a trend is apparent.
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DISCUSSION

Previous studies of hepatic ischemia and reperfusion have suggested a role for
adhesion molecules in neutrophil-mediated injury. Specifically, studies using
monoclonal antibodies in murine models of hepatic I/R have implicated ICAM-1 and P-
selectin as important adhesion molecules in this capacity. In this study it was
hypothesized that the cellular adhesion molecules P-selectin and ICAM-1 are necessary
for neutrophil-mediated hepatic I/R injury. Transgenic mice with deficiencies in the
adhesion molecules P-selectin and ICAM-1 were employed in a murine model of partial
hepatic I/R injury to examine the effects of this injury on these mice compared to wild-
type mice with normal P-selectin and ICAM-1 expression. Sham-operated mice that
underwent laparotomy and dissection but no ischemia were used as a negative control.
The outcome variables assessed were neutrophil infiltration into the liver, hepatocyte
injury, and overall survival. Neutrophil infiltration was assessed using hepatic MPO
levels and immunohistochemical staining specific for mouse neutrophils. Hepatocyte
damage was assessed using plasma ALT levels and histopathologic examination.
Survival rates were assessed in separate groups of mice undergoing the same ischemia
and reperfusion procedure. Hepatic I/R injury was shown to occur in both P/I null and
wild-type I/R groups in comparison to sham-operated negative controls. However, by all
quantitative assessments made of all three outcome variables, there were no statistically
significant differences between P/I null and wild-type mice subjected to partial hepatic
I/R. These findings strongly suggest that P-selectin and ICAM-1 are in fact not necessary
for neutrophil-mediated hepatic I/R injury to occur and that hepatic I/R injury occurs to a

similar extent in the absence of these adhesion molecules.
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Results from a previous study performed at our laboratory are in accordance with
the present findings. In this study shorter periods of reperfusion were examined (0, 1.5
and 3 hours) in the same model of partial hepatic I/R comparing P/I null mice with wild-
type mice. This study determined that there were no statiétically significant differences
between the two groups with respect to neutrophil sequestration and hepatocyte injury.'?
However, since the peak time period for neutrophil-mediated hepatocyte injury is after at
least 6 hours,’ we felt it prudent to design the present study to focus attention on these
later time points.

Among all of the outcome variables that were assessed the only one that detected
a difference among I/R groups was the qualitative assessment of hepatocellular injury by
histopathologic examination. By this assessment, the wild-type group after 6 hours of
reperfusion generally had larger areas of necrosis compared to P/I null mice at the same
time point (Figures 7A and B). The 6 hour wild-type group generally had areas of
necrosis involving more than 75% of the liver section while the 6 hour P/I null group had
hepatocellular necrosis involving approximately 20 to 50% of the hepatic parenchyma.
However, this finding is inconsistent with the rest of our data that suggests no difference
exists. This data includes ALT measurements comparing wild-type and P/I null mice
after 6 hours of reperfusion. ALT measurement is a more quantitative assessment of the
extent of hepatocellular injury that occurred throughout the entire liver. Histopathologic
assessment, in contrast, was qualitative and more prone to sampling error since the
pathologist was provided with only 1-2 small tissue sections per animal. Individual tissue
sections represent only the pathologic process that is occurring in that small two-

dimensional area of the liver and may not be an accurate representation of the entire post-
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ischemic liver lobe. Additionally, this finding of greater than 75% necrosis in the 6 hour
wild-type group was inconsistent with observations in wild-type mice after 15 hours of
reperfusion. Mice in this latter group contained only 20 to 50% areas of hepatocyte
necrosis which was comparable with both the P/I null mice at that time point and after 6
hours of reperfusion. Clearly it is not possible for mice to truly have 75% hepatocyte
necrosis and then only 20 to 50% necrosis 9 hours later. For these reasons, we
considered ALT levels a more accurate measure for quantifying hepatocellular injury.
Histopathologic analysis, however, was still quite useful for observing the qualitative
changes that occurred in the liver after hepatic I/R including focal areas of hepatocellular
degeneration and coagulative necrosis with associated sinusoidal congestion, hemorrhage
and neutrophil accumulation.

There are a number of possible explanations for why P-selectin and ICAM-1 did
not seem to be required for hepatic I/R injury to occur. In order to examine these
explanations, let us consider the step-wise model of neutrophil-mediated hepatic injury
that has been proposed for hepatic IR injury.®"***i"7) The first step in this model is
neutrophil sequestration within the liver. In the present study, we found neutrophil
sequestration in the liver to be similar among P/I null mice and wild-type mice as
determined by hepatic MPO levels and immunohistochemical staining of neutrophils.
Although adhesion molecule dependent neutrophil sequestration has been demonstrated

4648 mesentery,* heart,’"> lung,** and brain,”

in other organs such as skeletal muscle,
in the liver this process is likely a result of the mechanical consequences of inflammation
rather than chemical ones mediated by adhesion molecule interactions. Hepatic

inflammatory stimuli induce a number of physical changes that contribute to this
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mechanical sequestration. First, swelling of the endothelial lining cells occurs in
response to various inflammatory mediators.""¥*din 130 §econd, increasing
concentrations of endothelin-1 relative to nitric oxide cause vasoconstriction of the
sinusoids resulting in further narrowing the sinusoidal lumen.'*"'* Third, peptide
chemoattractants released during hepatic inflammation cause stiffening and decreased
deformability of neutrophils.'>* These three factors contribute to the mechanical trapping
of neutrophils in the hepatic sinusoids independent of adhesion molecule interactions. In
support of this concept are a several studies that show neutrophil accumulation in the
sinusoids is not attenuated by blocking a number of different adhesion molecules,
including P-selectin and ICAM-1, with monoclonal antibodies.**4!:76:91:134:135

The next step in neutrophil-mediated hepatic I/R injury, after neutrophil
sequestration, is neutrophil transmigration across the endothelial barrier into the hepatic
parenchyma. In the case of endotoxin-induced hepatic injury, little endothelial cell
damage occurs and transendothelial migration of neutrophils is required to cause
hepatocyte injury.” However, in IR injury, initial activation of Kupffer cells results in
extensive vascular injury. In this scenario, transendothelial migration of neutrophils may
be less critical for the induction of hepatocyte damage since the endothelial barrier is
compromised and even absent in some areas. Still, various studies using blocking
antibodies against either ICAM-1 or Mac-1 have shown decreased hepatocellular injury
after /R.“%87°09! 1t is unlikely that these results are secondary to neutrophil sequestration
effects since neutrophils seem to be sequestered in the liver in similar numbers with or
without these molecules.*® Although ICAM-1 and Mac-1 dependent transendothelial

migration of neutrophils is important for hepatic injury after various inflammatory insults
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such as endotoxemia, its role after hepatic IR is likely to be less important due to
Kupffer cell-mediated injury and disruption of the endothelial barrier. Antibodies that
block ICAM-1 or Mac-1 may attenuate hepatic injury by blocking some transendothelial
migration of neutrophils, preventing neutrophil binding to hepatocytes, or via non-
specific antibody interactions unrelated to these adhesion molecules. It is also possible
that attenuation of injury in these experiments results from a combination of these factors.
Additionally, it is unlikely that P-selectin plays an important role in hepatic /R
injury through either neutrophil sequestration or transendothelial migration, as it appears
to do in other organs. P-selectin is stored in endothelial cells in Weibel Palade bodies
which fuse with the cell membrane in response to inflammatory mediators.” This results
in rapidly increased expression of P-selectin on the surface of endothelial cells. P-
selectin is thought to be involved in neutrophil sequestration through multiple weak
interactions with its ligand which is expressed on the surface of neutrophils. These
interactions result in rolling of the neutrophils along the endothelial vsurfacc. Such rolling
slows neutrophil passage through the liver microvasculature and puts the neutrophils in
close contact with the endothelial surface. Neutrophil rolling allows for further adhesion
molecule interactions, such as those between ICAM-1 and the (82 integrins. Such P-
selectin-mediated induction of neutrophil rolling has been demonstrated in the post-
sinusoidal venules after inflammatory stimuli including hepatic /R.”*'"” However,

sinusoidal endothelial cells do not contain Weibel Palade bodies’® '

and transcriptional
activation of P-selectin occurs in large vessel endothelial cells but not in endothelial cells
of the sinusoids.”® Selectins are not expressed on the sinusoidal endothelia, even in the

face of severe inflammation.” Furthermore, the extravasation of neutrophils in response
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to inflammatory stimuli was found to occur only at the sinusoids and not the post-
sinusoidal venules.®® There is no evidence that neutrophils tethered in the post-sinusoidal
venules actually transmigrate and cause injury to hepatocytes. At least in the case of
endotoxin-induced hepatic injury, it is the transmigrated neutrophils and not the
intravascular neutrophils that significantly contribute to the hepatic injury.®'>’
Therefore, it is unlikely that P-selectin plays an important role in hepatic injury through
neutrophil sequestration or facilitation of transendothelial migration.

After neutrophil sequestration and migration into the hepatic parenchyma,
activated neutrophils adhere to hepatocytes via adhesion molecule interactions. "4
) This adhesion increases and prolongs neutrophil release of cytotoxic molecules which
facilitates neutrophil-induced hepatocyte necrosis.®*%” Activated neutrophils adhere to
hepatocytes via two independent groups of adhesion molecule interactions with 52-
integrins. These include a lymphocyte function-associated antigen (LFA-1;
CD11a/CD18) interaction with ICAM-1 and a Mac-1 dependent adhesion that is
independent of ICAM-1.'*® Therefore, there is evidence that although ICAM-1 does play
a role in neutrophil adherence-mediated hepatocyte injury, there are also other pathways
that can accomplish the same end. As we have seen for both neutrophil sequestration and
transmigration, the adhesion molecules P-selectin and ICAM-1 may play a role in hepatic
I/R injury, but they are not necessary for its occurrence. The results of the present study
are consistent with this concept. Hepatocyte injury, as determined by plasma ALT levels

and histopathology, was similar between P/I null mice with wild-type mice undergoing

hepatic /R.

61



Just as neutrophil adherence to hepatocytes has been shown to occur via two
separate and independent groups of adhesion molecules,'® there is evidence that such
functional redundancy of adhesion molecules exists at mu]tiple steps in the I/R pathway.
A study of the inflammatory mediators leukotriene B4 and PAF on the behavior of
leukocytes in mesenteric venules demonstrated such functional redundancy of adhesion

molecules.'’

This study showed that leukocyte rolling was attenuated by mAbs against
either P-selectin or E-selectin. Additionally, mAbs against either ICAM-1 or E-selectin
reduced leukocyte adherence and transmigration.'*® In a murine model of endotoxin
shock, mAb against VCAM-1 had no effect on sequestration of neutrophils within the
liver microvasculature. However, this mAb against VCAM-1 was successful in
attenuating neutrophil transendothelial migration by 84% and hepatocyte necrosis by
60%."** Therefore, VCAM-1 may share the function of mediating neutrophil
transendothelial migration with ICAM-1. Yet another study demonstrated in vitro that
neutrophil adherence to endothelial cells was only partially dependent on ICAM-1
interactions with §2-integrins and that Mac-1 appeared to recognize and bind an ICAM-1
independent ligand.'*

In addition to overlap in function of specific adhesion molecules, there is also
evidence that complement factors mediate neutrophil adherence to endothelial cells. As
previously discussed, the complement cascade is activated by hepatic I/R. In response to
complement activation neutrophils rapidly adhere to endothelial cells via complement
receptor 3 interactions with endothelial bound activated C3.'*° Therefore, neutrophil

adherence to endothelial cells, transendothelial migration, and subsequent adherence to

hepatocytes may be mediated, at least to some extent, by complement factors and
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adhesion molecules other than P-selectin and ICAM-1. Functional redundancy of
adhesion molecules and the complement system may be sufficient to compensate for the
absence of P-selectin and ICAM-1 in mediating neutrophil-induced hepatic I/R injury in
P/I null mice.

Despite these arguments, several past studies have implicated a major role for P-
selectin and ICAM-1 in hepatic inflammatory injury. Earlier studies employed blocking
antibodies against either P-selectin or ICAM-1. Studies that blocked P-selectin with
specific mAb in animals undergoing hepatic /R reported a reduction in neutrophil
adherence and hepatocellular injury.'°'% Similar studies that used mAb to block ICAM-
1 reported decreased hepatocellular injury.*®*"*!!""'"* Neutrophil sequestration in the liver,
however, was not affected by administration of the antibody.’*""!!5 Although these
studies appear to demonstrate an important role for P-selectin and ICAM-1 in hepatic 'R
injury, it should be considered that blocking antibodies as a means of eliminating
adhesion molecules is an imperfect model. Such antibodies may nof have the exclusive
effect of reducing neutrophil-mediated injury by specifically blocking P-selectin or
ICAM-1. These mAbs may exhibit non-specific binding and cause unanticipated
stimulatory or inhibitory effects on multiple arms of the inflammatory cascade. All of the
selectins are structurally similar to one another. It is entirely possible that an antibody to
P-selectin may bind other selectins as well. Evidence exists that suggests antibodies
directed against adhesion molecules for the purpose of preventing neutrophil binding may
have unanticipated effects. A mAb against P-selectin was shown to inhibit the deposition
of complement membrane attack complexes (C5b-9) in a rat model of intestinal I/R

injury.® Similarly, in a murine model of skeletal muscle I/R, soluble P-selectin blunted
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the inflammatory response by inhibiting the classical complement pathway.'”! In
microvessels, anti-ICAM-1 antibodies were found to reduce leukocyte rolling, an action
mediated by selectins.”’ These effects may have been a result of decreased inflammation
resulting from specific blocking of the adhesion molecules or they may have occurred
because of non-specific antibody blocking of other molecules involved in the
inflammatory process.

Due to these uncertainties, a more desirable model would eliminate the adhesion
molecules in question without employing antibodies. Hence, genetic knockout mice were
designed with deletions encoding for specific adhesion molecules. Several studies have
used such mice to investigate the roles of various adhesion molecules in inflammation.
Sligh et al, used ICAM-1 deficient mice in a model of chemical peritonitis and skin
contact hypersensitivity. They found peritoneal neutrophil emigration to be impaired and
contact hypersensitivity to be decreased in ICAM-1 deficient mice.'*! Sarman et al, ina
model of bacterial peritonitis and skin infection found that ICAM-1 deficient mice had
higher rates of bacteremia after peritoneal injection with Pseudomonas aeruginosa and
larger skin lesions after intradermal injection with Staphylococcus aureus. Interestingly,
ICAM-1 deficient mice were similar to wild-type controls in response to peritoneal
injection of S. aureus and Escherichia coli and in response to intradermal injection of P.
aeruginosa and E. coli. This study demonstrated that the role of ICAM-1 in response to
inflammation is both site and stimulus dependent.'*?

Controversy in the literature has been generated through the use of P-selectin

deficient mice in models of hepatic inflammation. Martinez-Mier et al used P-selectin

deficient mice in a model of hepatic I/R injury.'® Examining these mice after 90 minutes



of ischemia followed by 3 hours of reperfusion they reported reduced hepatic neutrophil
infiltration and decreased hepatocellular injury in the P-selectin deficient mice compared
to wild-type ischemic controls.'® Yadav et al also found decreased hepatocellular injury
and neutrophil adherence in the P-selectin deficient mice in most, but not all, of the time
points they examined.''° These studies seem to directly contrast others which have
demonstrated that neutrophil-mediated hepatic injury was not attenuated in P-selectin
deficient mice subjected to inflammatory stimuli. Essani et al, in a model of endotoxin
shock, found no differences in neutrophil sequestration nor in hepatocellular injury in P-
selectin deficient mice when compared to wild-type controls.”® Young et al, in a model of
hepatic /R injury, used P/I null mice undergoing reperfusion times shorter than in the
present study to show there was no difference in neutrophil sequestration or hepatic

injury between P/I null mice and wild-type ischemic controls.'?

The present study is
consistent with these latter studies which suggest P-selectin is not critical for neutrophil-
mediated hepatic /R injury.

Although genetic knockout models seem preferable to blocking antibody models
for examining the roles of adhesion molecules in inflammation, genetic knockout models
are also not without flaws. Eppihimer et al demonstrated that genetic knockout mice with
deficiencies in CD11/CD18, P-selectin or ICAM-1 have altered expression of other
adhesion molecules including P-selectin and E-selectin.”® The chronic deficiency of P-
selectin or ICAM-1 resulted in both altered basal and induced surface expression of other
adhesion molecules on the surface of endothelial cells in some vascular beds.

Additionally, it has been demonstrated that genetic knockout mice with deficiencies in P-

selectin, ICAM-1, or both have significantly higher numbers of circulating neutrophils
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relative to wild-type mice of similar genetic background.'?*'*":!# These elements of the
mutant mice are potential confounding variables.

The survival study resulted in the survival of all P/I null mice while 3 of the 10
wild-type mice died within the first 72 hours of reperfusion. This survival difference
between the two groups did not quite reach statistical significance (p = 0.67) but a trend
towards decreased survival was apparent. Future study with a larger sample size may
detect a significant difference between the two groups. Lack of differences between
wild-type and P/I null mice in neutrophil infiltration, hepatic MPO, plasma ALT, and
hepatic histopathology suggest that the potential survival advantage of P/I null mice was
not a result of decreased hepatic injury. Since local organ injury appeared to be similar
between both groups, it is likely that the P/I null mice were less susceptible to the
systemic manifestations of hepatic I/R injury such as ARDS and MODS.*>** Large
quantities of inflammatory mediators such as TNF-a and IL-1 released during hepatic I/R
travel systemically through the circulation resulting in the widespread activation of
vascular endothelium in multiple organs. This endothelial cell activation results in the
upregulation of P-selectin and ICAM-1 on the surface of endothelial cells.”
Concurrently, the ligands for P-selectin and ICAM-1 are upregulated on the surface of
leukocytes that are also activated by the systemic inflammatory mediators.’® Previous
studies have documented an important role for P-selectin and/or ICAM-1 in mediating

L8 sntestine, >

parenchymal cell injury to organs other than the liver, including the heart,
lung,”’ and skeletal muscle.*” Because of this, the mice with deficiencies in P-selectin and

ICAM-1 may have a survival advantage over their wild-type counterparts.
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In conclusion, this study suggests that the adhesion molecules P-selectin and
ICAM-1 did not play a significant role in mediating hepatic I/R injury. Neutrophil
infiltration and hepatocellular injury occur to a similar extent in the absence of these
adhesion molecules. These adhesion molecules, although not necessary for injury to
occur in the liver itself during hepatic I/R injury, may influence overall survival by
playing a role in the systemic organ injury that often ensues following ischemia and
reperfusion of the liver. Continued research in this area is likely to yield important
therapeutic strategies for the prevention and control of hepatic I/R injury and its

disastrous systemic consequences in the critically ill patient.
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