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ABSTRACT

ROLE OF INFLAMMATORY MEDIATORS IN
ENDOTOXIN HEPATOTOXICITY

By

James Alan Hewett

Endotoxin (lipopolysaccharide, LPS) is an outer cell
wall component of gram-negative bacteria. It is thought to
be an important contributing factor to the pathophysiologic
alterations associated with infections by these bacteria. A
myriad of adverse effects are attributed to LPS, including
injury to the 1liver. The overall objective of this
dissertation was to examine the role of several endogenous
inflammatory mediators in the pathogenesis of LPS
hepatotoxicity.

Liver injury occurred between 3 and 6 hr after bolus iv
injection of LPS in rats. This was preceded by an increase
in hepatic neutrophil (PMN) numbers, an elevation of
circulating tumor necrosis factor (TNF)-alpha concentration,
and activation of the coagulation system. Protection against
liver injury was afforded by depletion of circulating PMNs,
which attenuated hepatic PMN accumulation, by either TNF-
alpha antiserum or pentoxifylline, which attenuated the

increase in circulating TNF-alpha concentration, and by the
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anticoagulants, heparin and warfarin. These results indicate
that PMNs, TNF-alpha, and the coagulation system contribute
to the pathogenesis of LPS hepatotoxicity.

PMNs alone are not sufficient for full manifestation of
liver injury since neither TNF-alpha antiserumn,
pentoxifylline, nor heparin pretreatment prevented the
accumulation of PMNs in the 1liver after LPS exposure.
Similarly, PMN depletion enhanced circulating TNF-alpha
concentration by more than 3-fold after LPS exposure
suggesting that TNF-alpha alone is not sufficient for full
manifestation of liver injury. These results are consistent
with an interaction between PMNs and TNF-alpha in the
pathogenesis of LPS-induced 1liver injury. This interaction
may contribute to 1liver injury by a mechanism which is
dependent on the coagulation system since PMN depletion,
TNF-alpha antiserum and pentoxifylline inhibited activation
of the coagulation system after LPS exposure.

The results described in this dissertation provide new
insight into the mechanisms of liver injury from bacterial
LPS by showing that blood PMNs, circulating TNF-alpha and
the coagulation system each play important roles in the
pathogenesis. While much remains unknown about the specific
mechanisms by which each of these inflammatory mediators is
involved, the results suggest that complex interactions
among them may be necessary for full manifestation of liver

injury.
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A myriad of pathophysiologic alterations are associated
with infection by gram-negative bacteria and many of these
alterations can be attributed to gram-negative bacterial
endotoxin, or 1lipolysaccharide (LPS). The purpose of the
initial sections of Chapter 1 is to introduce LPS. These
sections provide brief descriptions of the structure of LPS,
the routes of exposure to and clearance of LPS from the
circulation, and the role of LPS in the pathogenesis of
alterations associated with infections by gram-negative
bacteria. This is followed by a detailed discussion of the
response of mammalian cells to LPS. The final sections of
this chapter will describe the effects of LPS on
extrahepatic tissues. The effects of LPS on the liver are
described in detail in Chapter 2. Because the focus of this
dissertation is on the role of certain host-derived factors
in the pathogenesis of LPS-induced 1liver injury, the
emphasis of these two chapters will be on the role of

endogenous mediators in the response of host tissues to LPS.

1.1 Structure of LPS

LPS is an endotoxin derived from gram-negative

bacteria. It is a major component of the cell wall of these

bacteria and is one of the distinguishing features between
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gram-negative and gram-positive bacteria which do not
contain LPS in their cell wall. Although the structure
varies slightly among different species and strains of gram-
negative bacteria, all LPS molecules are composed of
polysaccharide and 1lipid domains (1). The polysaccharide
region consists of a repeating oligosaccharide structure,
termed the O-antigen polysaccharide, which extends toward
the extracellular environment of the bacterium, and a core
polysaccharide which covalently links the O-antigen
polysaccharide with the 1lipid region. Unusual dideoxysugar
moieties, such as colitose and paratose, are often
constituents of the O-antigen oligosaccharide unit whereas
the core polysaccharide is characterized by the presence of
the unique sugar, 2-keto-3-deoxyoctonate. In contrast to the
structure of the core polysaccharide, which is similar among
different strains and species of bacteria, the composition
of the O-antigen polysaccharide is usually more variable.
The lipid region of LPS is often refered to as lipid A.
This amphipathic structure is a major component of the outer
leaflet of the cell wall 1lipid bilayer. It consists of
several long-chain fatty acids linked by amide and ester
bonds to two glucosamine residues. These glucosamine
residues are Jjoined by a beta-1-6 1linkage to form the
backbone of the 1lipid A molecule. Charged phosphate or
pyrophosphate groups bound to this glucosamine backbone
contribute to the amphipathic nature of lipid A along with

the hydrophobic fatty acids.
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Many of the biological effects associated with LPS
appear to be mediated by 1lipid A. This is supported by
evidence which indicates that exposure to purified 1lipid A
produces many of the same effects as LPS. Furthermore, most
of the biological activities of LPS can be neutralized by
substances which bind specifically to this region of the LPS
molecule such as the antibiotic, polymyxin B, and certain

monoclonal antibodies to lipid A (2).

1.2 Exposure to LPS

1.2.a Gram-negative bacterial infection

Exposure to LPS may occur by several different routes
(Figure 1.1). Perhaps the most obvious route of exposure is
during infection by gram-negative bacteria. LPS 1is an
integral component of the «cell wall of gram-negative
bacteria and is not normally released into the extracellular
environment. However, it can be 1liberated under certain
circumstances, particularly during cell division and
following death of the bacteria. Evidence from numerous
studies indicates that a rise in cell-free LPS accompanies
infection by gram-negative bacteria. For example, following
abdominal infection of rabbits by Pasteurella multocida,
cell-free LPS in the plasma increased from non-detectable
levels prior to infection to 100 ug/ml by 6 hr after
infection (3). Similarly, increases in the concentration of

LPS in the cerebrospinal fluid have been associated with
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gram-negative bacterial meningitis both in animal models of
the disease (4) as well as in humans suffering from the
disease (5).

Gram-negative bacterial infections are often treated
using bactericidal antibiotics. While several of these
antimicrobial agents have proven effective in eliminating
the bacteria, results from recent studies suggest that they
may cause the release of large amounts of cell-free LPS
(6,7,8,9,10). Thus, antibiotic therapy may enhance the

exposure to LPS during gram-negative bacterial infections.

1.2.b Absorption from the gastrointestinal tract

In contrast to exposure during gram-negative bacterial
infection, it has been proposed that LPS exposure could
occur in the absence of bacterial infection through an
increase in the absorption of LPS from the gastrointestinal
tract. The gastrointestinal tract normally contains a large
concentration of LPS which is presumably derived from the
indigenous gram-negative bacterial flora of the gut (11).
Under normal conditions, the intestinal wall acts as a
formidable barrier to the passage of LPS from the
gastrointestinal tract into the blood stream. However,
disruption of this barrier during certain pathophysiologic
conditions can lead to endotoxemia. For example, occlusion
of the portal vein results in an increase in the LPS
concentration in both portal venous and systemic blood (12).

Whereas LPS was not detectable in blood from sham operated
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animals, it ranged from 100-300 ng/ml after portal vein
occlusion. Because this increase in plasma LPS was not
observed in germ-free animals, it was concluded that
endotoxemia induced by portal vein occlusion was due to an
increase in absorption of LPS from the gastrointestinal
tract. In addition to portal vein occlusion, increased
absorption of LPS from the gastrointestinal tract has been
implicated in certain instances of chemically induced liver
injury (13,14), dietary cirrhosis (15), partial hepatectomy
(16), and following intestinal ischemia (17). These studies
provide strong evidence that exposure to LPS can occur under
conditions in which the intestinal barrier to

gastrointestinal LPS is compromised.

1.3 Clearance and detoxification of LPS

Following bolus intravenous (iv) administration, LPS is
cleared from the circulation in a biphasic manner (18,19). A
large fraction of the initial dose disappears from the
circulation within minutes after injection. Subsequent to
this rapid clearance phase, LPS elimination progresses
gradually over a period of hours. Although intravenously
administered LPS is found in numerous tissues, including the
spleen, 1lungs, kidneys, and adrenal glands, the majority
accumulates in the liver where it is associated primarily

with Kupffer cells (20,21,22,23). These fixed hepatic
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macrophages are thought to play an important role in the
clearance and detoxification of LPS from the circulation.
Clearance of LPS from the blood stream is influenced by
plasma lipoprotein particles. LPS binds predominately to
high density lipoprotein particles in plasma. This prolongs
the half-life of circulating LPS (24). However, because LPS
complexed with high density lipoprotein particles is 1less
biologically active, it has been proposed that this may
function as a protective mechanism against LPS toxicity
(25). LPS can also be neutralized by an LPS-binding protein
contained within specific granules of neutrophils (PMNs)
(26). This 50-60 kDa protein, which specifically recognizes
the lipid A region of the LPS molecule (27), is referred to
as bacterial/permeability increasing protein because it can
lyse and kill gram-negative bacteria by binding to LPS on

the surface of the bacteria (28,29,30).

1.4 Pathogenic role of LPS in gram-negative bacterial

sepsis

l1.4.a Lethality

Death resulting from shock and multiple organ failure
is often a consequence of overwhelming infection by gram-
negative bacteria. Indeed, a large percentage of deaths of
hospitalized patients can be attributed to gram-negative
bacterial sepsis. It has been proposed that LPS is a major

contributing factor to the high mortality associated with
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gram-negative bacterial infection. This is supported by
evidence from studies in animal models in which treatment
with specific neutralizing antibodies to LPS afforded
protection against the 1lethal effects of gram-negative
bacterial sepsis (31,32,33,34). Specific antibodies to LPS
have also proven to be effective in reducing the mortality
in hospitalized patients suffering from gram-negative
bacterial infections (35,36,37). Thus, LPS appears to
contribute to the mortality associated with infection by

gram-negative bacteria.

1.4.b Tissue injury

In addition to its role in 1lethality, LPS appears to
play a role in the development of tissue injury during local
gram-negative bacterial infections. For example, LPS has
been implicated in the pathogenesis of tissue injury in
gram-negative bacterial meningitis. A 1large percentage of
clinical cases of bacterial meningitis can be attributed to
certain gram-negative Dbacteria, including Haemophilus
influenzae type b, Escherichia (E.) coli, and Neisseria
meningitidis. Infection of the cerebrospinal fluid by these
bacteria is accompanied by inflammation of the meninges,
which is characterized by the appearance of large numbers of
leukocytes and by alterations in blood-brain barrier
permeability (38). The adverse effects associated with gram-
negative bacterial meningitis appear to be mediated by LPS

since intracisternal administration of LPS produces many of
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these same effects and since neutralization of LPS with
polymyxin B afforded protection against experimentally
induced gram-negative bacterial meningitis (39,40).

LPS has also been implicated in the pathogenesis of
tissue injury following gram-negative bacterial infection of
the skin. Lesions in the skin following intradermal
injection of E. coli are characterized by hyperenia,
increased vascular permeability, and hemorrhage and are
infiltrated by large numbers of neutrophils (41). Similar
lesions occurred following intradermal injection of killed
E. coli or purified E. coli LPS (42). Furthermore, the
injury was attenuated by pretreatment of the bacteria with
polymyxin B (43). Thus, like gram-negative bacteria-induced
injury to the blood-brain barrier, microvascular injury in
the skin following intradermal injection of gram-negative

bacteria is mediated by LPS.

1.5 Interactions between LPS and mammalian cells in vitro

1.5.a Cytotoxicity

Results from several studies indicate that LPS is
cytotoxic to cells in vitro under certain conditions. For
example, marked degenerative morphological changes are
observed in cultured vascular endothelial cells after
exposure to LPS (44). These morphological changes are
accompanied by increased cell detachment and leakage of

cytoplasmic contents, and by decreased DNA, RNA, and protein
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synthesis. Injury to cultured endothelial cells is dependent
on both the duration of LPS exposure (>4 hr) and the
concentration of LPS (>0.1 ug/ml) and is enhanced by the
presence of serum (45,46). Oxygen radical production and
conjugated diene formation are associated with the
cytotoxicity, suggesting that LPS-induced endothelial cell
injury is mediated by oxygen radical-dependent 1lipid
peroxidation (47). This is supported by evidence indicating
that the cytotoxicity is attenuated by oxygen radical
scavengers. The source of the oxygen radicals appears to be
xanthine oxidase since the xanthine oxidase inhibitor,
allopurinol, attenuated the oxygen radical production and
afforded protection against the cytotoxicity. Results from a
recent study suggest that a similar mechanism may contribute
to LPS-induced injury to vascular endothelial cells in vivo.
In this study, LPS administered 1locally to hamster cheek
pouches caused an increase in microvascular leakage which
was prevented by the antioxidant, dimethyl sulfoxide, and by
allopurinol (48).

In addition to its effects on vascular endothelial
cells, LPS is also cytotoxic to cultured macrophages (49)
and fibroblasts (50). However, whether the mechanisms of
cytotoxicity in these cells is dependent on reactive oxygen

metabolites is not known.
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1.5.b Stimulation of mediator release

In addition to its cytotoxic effects, LPS stimulates
the release of a variety of inflammatory mediators from
certain cells in culture. Many of these endogenous
substances and their sources are listed in Table 1.1. These
potent, biologically active substances have been implicated
in the pathophysiologic alterations associated with LPS
exposure (see below and Table 1.1).

LPS stimulates the release of mediators from cells in
culture by several mechanisms. For example, stimulation of
the release of arachidonic acid metabolites from macrophages
appears to be mediated at least in part by the direct, LPS-
induced activation of phospholipase Aj, which catalyzes the
release of arachidonic acid from membrane phospholipids
(51). In contrast, LPS stimulates the production of the
cytokine, tumor necrosis factor (TNF) -alpha, from
macrophages by inducing TNF-alpha dgene transcription
(51,52). This is indicated by the increase in TNF-alpha mRNA
which occurs prior to the onset of TNF-alpha release.
Induction of gene expression by LPS contributes to the
production of numerous other inflammatory mediators by
cells. Among these are the increased expression of adhesion
molecules for PMNs on vascular endothelial cells (53,54),
and production of certain interleukins and nitric oxide by
macrophages (55,56) and smooth muscle cells (57,58,59).

The signal transduction pathways involved in the

LPS-induced alteration in cell function are not completely
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Table 1.1

Inflammatory mediators released by LPS

Mediator

Possible Sources®

Likely

Target TissuesP

Complement factors

Clotting factors

Tissue factor

Oxygen radicals

Lysosomal enzymes

Nitric oxide

Arachidonic acid
metabolites

Platelet Activating
factor

Tumor necrosis
factor

Interleukins

Plasma

Plasma

Endothelial cells
Macrophages

Endothelial cells
Macrophages
Neutrophils

Macrophages

Endothelial cells
Smooth muscle cells
Macrophages
Hepatocytes

Endothelial cells
Macrophages
Neutrophils
Platelets

Endothelial cells
Macrophages
Neutrophils

Endothelial cells
Macrophages

Endothelial cells
Smooth muscle cells
Macrophages

Cardiovascular

Kidneys
Liver
Lungs

Plasma

Cardiovascular
Lungs
Liver

Liver

Cardiovascular
Liver

Cardiovascular
Gut

Lungs

Liver

Cardiovascular
Gut
Lungs

Cardiovascular
Liver
Lungs

Cardiovascular

a
b’

See text of Chapter 1 for description and references
. See text of Chapter 2 for description of mediators

involved in LPS-induced liver injury and Chapter 1 for
mediators involved in alterations in extrahepatic

tissues
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defined (59a). However, arachidonic acid metabolites appear
to be involved in certain instances. This is supported by
evidence which indicates that the induction of TNF gene
expression by LPS in the HL-60 macrophage-like tumor cell
line can be blocked by inhibitors of phospholipase A; or 5-
lipoxygenase (51) . This suggests that LPS-induced
alterations in TNF-alpha gene expression are dependent on a
5-lipoxygenase product of arachidonic acid.

Increases in phosphatidylinositol metabolism (60),

intracellular ca?t

concentration (60), and protein kinase-C
(PK-C) activity (61,62) have also been reported after
exposure of cells in vitro to either LPS or 1lipid A. 1In
addition, inhibitors of protein kinase C blocked expression
of TNF-alpha and interleukin (IL)-1 mRNA in primary cultures
of mice macrophages treated with LPS in vitro (62a). Thus,
activation of Ca2+-dependent PK-C appears to play a role in
the response of cells to LPS in certain instances.
Calmodulin kinase also appears to contribute to expression
of IL-1 mRNA in LPS-treated macrophages (62a). Signal
transduction after LPS exposure by these second messenger
pathways is probably mediated by alterations in protein
phosphorylation (62b). Possible signal transduction pathways

contributing to the response of cells to LPS are illustrated

in figure 1.2.
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1.5.c LPS receptor

LPS can interact with <cells by either specific,
receptor-mediated binding or by non-specific membrane
interactions. Several cell surface receptors have been
identified which bind LPS, and the type of receptor-mediated
binding is dependent on the nature of LPS. Thus, cell-free
LPS (ie, LPS purified from gram-negative bacteria) binds to
receptors which are distinct from those that bind cell-
associated LPS (ie, LPS associated with gram-negative
bacteria). Also, complexes formed between cell-free or cell-
associated LPS and a specific serum LPS-binding protein
(complexed LPS) bind to different receptors than either form
of LPS in the absence of complex formation. The different

interactions of LPS with cells are summarized in Figure 1.2.

Binding of LPS to cell surface receptors. At least two
apparently different cellular receptors for cell-free LPS
have been identified. One receptor, which was first
identified in splenocyte isolates, is an 80 kDa protein
(63). An analysis of subpopulations of splenocytes showed
that this receptor was present on both B and T lymphocytes
and on macrophages. However, it was not found on human red
blood cells or the undifferentiated murine myeloma cell
line, Sp2/0. The second receptor has a molecular weight of
95 kDa and was initially identified in the RAW 264.7 and
J774A.1 macrophage-like cell lines (64). Subsequent studies

with human blood leukocytes indicated that an identical
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receptor was present on human blood monocytes (65). Human
neutrophils (PMNs) as well as the fibroblast cell 1lines,
CHO-K1 and L929, did not have detectable 95 kDa receptor.
This indicates that, like the 80 kDa receptor, the 95 kDa
receptor exhibited <cell specificity. Both receptors
recognize the 1lipid A region of the LPS molecule, are
associated with the cell membrane fraction, are sensitive to
proteinase K digestion, and exhibit specificity and
saturability (64,66).

Several LPS-induced responses appear to be mediated by
the binding of cell-free LPS to cell receptors. Among these
is the stimulation of tumoricidal activity by macrophages.
Macrophages lyse tumor cells after exposure to LPS in vitro,
and this tumoricidal activity is markedly enhanced by the
cytokine, gamma-interferon. A monoclonal antibody raised
against the 80 kDa receptor blocks binding of LPS to
macrophages and stimulates tumoricidal activity by
macrophages (67,68). As with LPS, the tumoricidal activity
induced by this monoclonal antibody is enhanced by gamma-
interferon. These results are consistent with the role of
the 80 kDa receptor in LPS-induced macrophage tumoricidal
activity. Binding to the 80 kDa protein also appears to be
required for the induction of B lymphocyte mitogenesis by
LPS in vitro (66).

The interaction of cell-associated LPS with certain
mammalian cells depends on the presence of the CD18 group of

adhesion molecules (69,70). These cell surface
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glycoproteins, which are present on phagocytic cells such as
macrophages and PMNs, mediate a variety of functions
including adherence to surfaces and phagocytosis of
particles coated (opsonized) with complement-derived factors
and antibodies (71). Interaction of cell-associated LPS with
CD18 does not require prior opsonization by complement-
derived factors or antibodies and appears to be important
for the phagocytosis of gram-negative bacteria by phagocytic

cells.

Binding mediated by LPS-binding protein in serum.
Although both cell-free and cell-associated LPS can interact
directly with specific mammalian cell receptors (80 and 95
kDa and CD18 receptors, respectively), the cellular
interaction of both forms of LPS may be modified by complex
formation with an LPS-binding protein found in serum
(complexed LPS). This 60 kDa acute phase glycoprotein, which
is present in low concentrations in serum of normal animals,
is synthesized by hepatocytes and increases in concentration
during the acute phase response (72,73). It has a high
affinity for LPS from a variety of gram-negative bacterial
strains and appears to recognize the lipid A region of the
LPS molecule (74). Interactions between LPS and macrophages
which are mediated by this serum protein are dependent on
the macrophage CD14 antigen. This is illustrated by evidence
which indicates that binding can be blocked by monoclonal

antibodies to CD14 (75).
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Formation of a complex with the 60 kDa acute phase LPS-
binding protein markedly enhances the response of isolated
macrophages to LPS as indicated by enhanced tumoricidal
activity. Monoclonal antibodies to CD14 antigen block the
induction of macrophage tumoricidal activity by these
complexes, providing further evidence that the interaction
of complexed LPS with macrophages is mediated by this cell
surface protein (76). Phagocytosis of gram-negative bacteria
is also enhanced by 60 kDa LPS-binding protein, which acts
as an opsonin apparently by binding to LPS on the surface of
the bacteria (77). These studies indicate that, while LPS
can affect macrophage function through the direct
interaction with cell receptors, these effects are modified
by complex formation with the serum LPS-binding protein.
This LPS-binding protein also may mediate effects of LPS on

other cells, including neutrophils (78).

Nonspecific interactions with membranes. Although the
response of cells to LPS in many instances is mediated by
the presence of specific cell surface receptors, LPS can
bind to cells by nonspecific interactions with the plasma
membrane (79). However, it is not clear whether or not this

interaction results in a biological response in these cells.
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1.6 Pathophysiologic effects of LPS

An array of pathophysiologic alterations have been
attributed to LPS. Among these are circulatory shock,
disseminated intravascular coagulation (DIC), and damage to
several organs, including the heart, kidneys,
gastrointestinal tract, lungs and liver. With the multitude
of pathophysiologic effects, it is not surprising that, a
high mortality rate accompanies severe endotoxemia, with
death often ensuing within 48 hours.

The mechanisms contributing to the manifestation of
these alterations are diverse and vary among tissues.
Nevertheless, a common motif appears to be the involvement
of host-derived, soluble mediators. A variety of endogenous
mediators have been implicated in the pathogenesis of LPS-
induced alterations. Many of these are listed in Table 1.1
along with their possible sources and example tissues which
they may affect. The following section describes briefly the
mechanisms contributing to LPS-induced alterations in
several tissues with an emphasis on the role of these host-

derived mediators.

1.6.a Circulatory shock

Changes in the circulatory system during severe
endotoxemia are characterized by marked alterations in
cardiac output, mean arterial blood pressure, and organ

blood flow.
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Decreased cardiac output. Within 1 hour after bolus iv
injection of LPS in pigs, cardiac output falls dramatically
(80,81). A brief rebound period 1is often observed
approximately 1 hour after LPS administration. This is
followed by a second, sustained decrease in cardiac output
which is more gradual in onset in comparison to the initial
phase. The early, transient change in cardiac output appears
to be mediated by metabolites of arachidonic acid, since it
can be blocked by inhibitors of arachidonic acid metabolism
(82). In contrast, LPS-induced decrease in myocardial
contractility seems to play an important role in the the
later stage of altered cardiac output (83). Several other
factors have been proposed to be involved as well, including

decreased venous return.

Hypotension. A marked decrease in mean arterial blood
pressure is also observed during severe endotoxemia (84).
LPS-induced hypotension is associated with a decrease in
vascular contractility. This alteration in vascular
contractility occurs prior to the manifestation of
hypotension and is characterized by hyporesponsiveness of
vascular preparations to vasoconstrictors such as KCl,
norepinephrine, and 5-hydroxytryptamine (84). It 1is not
dependent on vascular endothelium or arachidonic acid
metabolism. However, it does depend on protein synthesis
(85) and is accompanied by an increase in Ca2+-independent

nitric oxide (NO) synthase activity in vascular smooth
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muscle cells (59,86). Because NO is a potent vasodilator, it
has been proposed that the aberrant production of nitric
oxide (NO) by smooth muscle cells contributes to the
alterations in vascular contractility after LPS exposure.
Indeed, antagonists of NO vasodilation block the inhibitory
effects of LPS on vascular contractility in vitro (59) and
attenuate the hypotension observed during LPS exposure in
vivo (87). These results support a role for endogenously
derived NO in LPS-induced hypotension. Several other
endogenous, vasoactive mediators may be involved as well.
These include lipid mediators such as platelet activating
factor (88) and arachidonic acid metabolites (89,90,91),
endothelium-derived reactive oxygen metabolites (92), and
cytokines such as tumor necrosis factor (93) and interleukin

1 (94,95).

Other <circulatory alterations. In addition to
alterations in cardiac output and vascular contractility,
LPS exposure is often accompanied by a redistribution of
blood flow (96,97). An increase in vascular permeability in
several tissues, particularly in the lungs and
gastrointestinal tract, also occurs. Several vasoactive
agents have been implicated in the pathogenesis of these
changes, including arachidonic acid metabolites, such as
thromboxane A; and sulfidopeptide leukotrienes, and platelet

activating factor (see below).
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1.6.b Disseminated intravascular coagulation

LPS can activate the coagulation system in vitro by
both the extrinsic and intrinsic pathways through the
release of tissue factor (98) and the activation of factor
X1I, respectively (99). Disseminated intravascular
coagulation (DIC) resulting from activation of the
coagulation system in vivo occurs under certain conditions
during LPS exposure, indicating that coagulation can be
activated by LPS in vivo (100). DIC is characterized by a
reduction in circulating platelet numbers, depletion of
clotting factors and plasma fibrinogen, and deposition of
fibrin within the microcirculation of various tissues.
Although its role in the pathogenesis of circulatory shock
and lethality is not clear (101,102,103), DIC does appear to
contribute to alterations in tissues during LPS exposure
under certain circumstances, including injury to the lungs
(see Section 1.6.c), to the liver (see Chapter 2, Section
2.3.b) and to the kidneys, where it can cause deposition of
fibrin in the glomerular capillary bed with subsequent acute

tubular necrosis (100).

1.6.c Multiple organ damage
In addition to circulatory effects and DIC, alterations
in numerous tissues are often associated with severe,

systemic endotoxemia.
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Gastrointestinal tract. A spectrum of changes in the
gastrointestinal tract are associated with LPS exposure.
These changes resemble ischemic bowel necrosis and are
characterized by the detachment of the epithelial cells from
the mucosal basement membrane, inflammatory cell
infiltration, vascular congestion, and an increase in
vascular permeability (104). The mechanisms involved in the
pathogenesis of tissue injury have not been clearly
elucidated. However, results from several studies suggest
that injury to the gastrointestinal tract during LPS
exposure may be mediated by certain endogenous factors,
including leukotrienes. Leukotrienes are synthesized from
arachidonic acid via the 5-lipoxygenase pathway. These
sulfidopeptide metabolites of arachidonic acid are potent
vasoactive substances and promote increased vascular
permeability in certain tissues (105). In the gqut,
leukotriene Dy and E4 receptor antagonists attenuated the
increase in vascular permeability during LPS exposure,
suggesting that this alteration is mediated by
sulfidopeptide leukotrienes (106).

PAF also appears to contribute to the pathogenesis of
LPS-induced gastrointestinal injury. This is supported by
studies showing that PAF concentrations in the
gastrointestinal tract are increased during LPS exposure
(107), that PAF receptor antagonists afford protection
against the tissue injury (104), and that tissue injury
resembling LPS-induced injury to the gut is produced by
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exogenously administrated PAF (108). PAF may mediate injury
to the gastrointestinal tract in part through the
stimulation of production of the arachidonic acid

metabolite, thromboxane A; (109).

Lungs. Alterations in the 1lungs during LPS exposure
have been well characterized. Pulmonary hemodynamic
alterations during LPS exposure are biphasic in nature
(80,81,82). The initial changes in the lung occur prior to 1
hour after LPS administration and are characterized by a
marked increase in pulmonary artery pressure and pulmonary
vascular resistance. This early, pulmonary hypertensive
phase is associated with an increase in the lung lymph of
breakdown products of thromboxane A; (110) suggesting that
this vasoactive arachidonic acid metabolite contributes to
the early, pulmonary hypertension. The demonstration that
inhibitors of arachidonic acid metabolism attenuate the
increase in pulmonary artery pressure during this phase is
consistent with this view (82). Inhibitors of the
coagulation system markedly attenuate the increase in
pulmonary vascular resistance, suggesting that clotting
factors may contribute to the hemodyamic changes in the
lungs following LPS exposure as well (111).

The early changes in pulmonary artery pressure are
followed by an increase in vascular permeability which is
associated with PMN infiltration, increased plasma protein

leakage, and increased lung lymph flow. Although pulmonary
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artery pressure returns toward normal, it remains elevated
throughout this second, permeability phase of lung injury.
Unlike the gastrointestinal tract, leukotrienes do not
appear to mediate the LPS-induced increase in vascular
permeability in the lungs in the rat (106). Because catalase
and depletion of circulating PMNs attenuate the increase in
protein leakage and lung lymph flow, it has been proposed
that PMN-derived oxygen radicals play an important role in
the pathogenesis of LPS-induced vascular injury in the lungs
(81,112). PAF also appears to contribute to the LPS-induced
alterations in 1lung vascular permeability, since the
permeability changes are associated with an increase in
pulmonary PAF concentration and since PAF receptor
antagonists attenuate the increase in pulmonary vascular
permeability (113,114,115,116).

In addition to alterations in pulmonary hemodynamics,
alterations in pulmonary mechanics are observed during LPS
exposure. Among these are a decrease in 1lung dynamic
compliance, an increase in the alveolar/arterial oxygen
gradient and an increase in alveolar dead space ventilation.
Many of these alterations in pulmonary mechanics are
attenuated by the 5-hydroxytryptamine (5-HT) receptor
antagonist, ketanserin, suggesting that 5-HT contributes to
their development (80). Activation of the clotting system by
LPS may also contribute to alterations in pulmonary

mechanics (117).
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A number of factors have been shown to influence the
response to LPS in vivo including species differences
(118,119), route of exposure (120), dosing protocol (ie,
bolus injection or infusion), and age (121). Also, large
differences in potency are observed between LPS obtained
from different species and strains of gram-negative
bacteria. While the outcome of LPS exposure may vary under
different conditions, it is clear that many of the adverse
effects of LIPS are dependent on endogenous mediators
generated in response to LPS exposure (see previous
section). Indeed, in many instances it seems that a network
of host-derived mediators may be required for the full
manifestation of the response to LPS. The relationship
between these mediators in the pathogenesis of LPS-induced
effects on mammalian tissues, however, remains to be

determined.

The overall objective of this dissertation was to
examine the mechanisms contributing to the pathogenesis of
LPS-induced liver injury. Therefore, the following chapter
will describe in somewhat greater detail the effects of LPS
on the liver. Because many of the adverse effects of LPS
appear to be mediated by endogenous factors, attention will
be given to the possible contribution of certain host-

derived mediators.



CHAPTER 2

LPS-INDUCED LIVER INJURY

30



Cc

fr

Ce]

Ce].
Port
hepa
Cent,

are r



31

2.1 Normal liver function and structure

The liver performs a number of important functions.
Among these are maintenance of blood glucose levels, storage
of nutrients, fat metabolism, and synthesis and secretion of
bile constituents and plasma proteins. It also plays an
important role in the elimination and detoxification of
xenobiotic agents. These functions are performed primarily
by hepatic parenchymal cells, which in humans comprise
approximately 80 % of the cells in the 1liver (122). The
remaining liver cells consist of a heterogeneous population
of cells which includes fenestrated vascular endothelial
cells, resident vascular macrophages (Kupffer cells), fat
storage cells (Ito cells), and bile duct epithelial cells.
Collectively, these cells comprise the non-parenchymal cell
fraction of the liver (123).

The basic structural unit of the 1liver, where hepatic
cells come in close contact with blood, is the liver lobule
(Figure 2.1). The lobule consists of a region of parenchymal
cells surrounding a central vein. It is bounded by several
portal triads which consist of branches of the portal vein,
hepatic artery and bile duct. Parenchymal cells in the
central vein and portal triad regions of the 1liver 1lobule

are referred to as centrilobular or periportal parenchymal
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cells, respectively. Midzonal parenchymal cells are those
cells 1located between the periportal and centrilobular
regions. Blood flows through sinusoids from the periportal
to the centrilobular region of the 1liver 1lobule between
cords of parenchymal cells. In humans, the portal vein and
hepatic artery provide approximately 75 and 25 % of the
total hepatic blood supply, respectively (124).
Fenestrations in endothelial cells 1lining the sinusoids
facilitate contact between parenchymal cells and plasma
constituents. Kupffer cells are scattered throughout the
sinusoids. These fixed vascular macrophages remove senescent
blood cells as well as debri and foreign substances, such as
LPS, from the circulation. After flowing through the liver
lobule, blood empties into the central vein and eventually
into the inferior vena cava. Bile produced by parenchymal
cells flows toward the periportal region of the liver 1lobule
in bile canaliculi formed by tight Jjunctions between
adjacent parenchymal cells. Canaliculi empty into branches

of the bile duct located in the periportal region.

2.2 Morphologic and functional alterations in the liver

after LPS

Severe gram-negative bacterial infection results in a
variety of changes in the liver (125). Because these changes
resemble those produced by purified LPS (121,126,127), and

because LPS has been shown to be an important contributing
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factor to the manifestation of many of the pathophysiologic
effects associated with gram-negative infections (see
above), it seems 1likely that LPS contributes to the
pathogenesis of liver injury associated with gram-negative

bacterial infections.

2.2.a Morphologic alterations
Marked morphologic changes occur in the liver following
exposure to LPS. These include changes in the sinusoids as

well as in parenchymal cells (126,127,128).

Sinusoidal changes. Morphologic alterations in Kupffer
cells are among the earliest changes in the hepatic
sinusoids. Initially, these cells appear moderately swollen
and contain an increased number of cytoplasmic lysosomal
granules and phagocytic vacuoles. Platelets and PMNs are
occasionally observed within phagocytic vacuoles of Kupffer
cells. Dilation of Kupffer cell endoplasmic reticulum and
damage to the plasma and nuclear membranes are also
apparent. The early changes in Kupffer cell morphology are
accompanied by injury to endothelial cells and by the
appearance of fibrin clumps and platelet thrombi in the
sinusoids. The platelets often appear deformed and show
signs of degranulation. Large numbers of PMNs also
accumulate in the sinusoids during LPS exposure. These

morphologic alterations in sinusoids, which are evident as
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early as 30 min following LPS administration, become

augmented by 4 hr and often persist for at least 24 hr.

Changes in parenchymal cells. Morphologic changes in
liver parenchymal cells are associated with the sinusoidal
changes. Initially, subtle alterations occur in the
mitochondria and endoplasmic reticulum. These changes, which
are characterized primarily by moderate dilation of the
organelles, occur prior to 1 hr and become progessively
worse after 1 hr of LPS exposure. Other early morphologic
changes in parenchymal cells include swelling of the
microvilli on the sinusoidal border and dilation of bile
canaliculi. Subsequent changes in parenchymal cells become
apparent betweem 4 and 24 hr after LPS administration and
are characterized by signs of hepatocellular degeneration
and necrosis. Lesions are multifocal, frequently involve
parenchymal cells in the midzonal region of the 1liver
lobule, and are often infiltrated by neutrophils. Increases
in plasma activities of liver-specific enzymes, such as AST
and ALT, occur between 4 and 8 hrs after LPS exposure,
suggesting membrane damage to parenchymal cells (102,129).
The morphologic changes in the liver during LPS exposure are
more marked in older animals, indicating that the

sensitivity of the liver to LPS increases with age (121).
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2.2.b Functional alterations

Glycogen content in parenchymal cells was markedly
decreased 30 min after LPS exposure and remained reduced for
24 hr (126). This is probably due to both a decrease in
gluconeogenesis and to an increase in glycogenolysis
(130,131). In contrast, parenchymal cell fat content
gradually increased over the 24 hr exposure period.
Increased hepatic 1lipogenesis as well as inhibition of
parenchymal cell protein synthesis may contribute to this
effect (132,133). These changes indicate that LPS induces
functional and metabolic alterations in parenchymal cells
that are rapid in onset and persistent.

Alterations in parenchymal cell protein synthesis are
observed during LPS exposure. Protein synthesis can be
either increased or decreased following LPS administration
depending on the specific protein measured. However, the net
effect of LPS on hepatic parenchymal cells in vitro is to
decrease protein synthesis (133).

Liver cytochrome P-450 content is reduced 24 hr after
LPS administration in mice and rats (134,135,136). This is
accompanied by a decrease in hepatic mixed function oxidase
activity. oOther functional changes in the 1liver include
cholestasis (23) and circulatory alterations such as
decreased hepatic blood flow (137,138) and portal

hypertension (139,140).
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2.3 Mechanisms of LPS-induced liver injury

While the hepatic alterations produced by LPS have been
well characterized, much remains unknown about the mechanism
of LPS hepatotoxicity. Evidence suggests that alterations in
the liver during LPS exposure may be due to both direct and

indirect (host-mediated) effects of LPS on the liver.

2.3.a Direct effects of LPS on the liver

After intravenous administration of large doses of LPS,
the majority of 1liver-associated LPS is found in Kupffer
cells (20,21,22,23). However, small quantities are detected
in other 1liver cells, including endothelial cells and
parenchymal cells. Although many of the effects of LPS
appear to be mediated indirectly by endogenously derived
factors, LPS binds to liver parenchymal cells in vitro (79),
raising the possibility that, direct, LPS-induced

alterations may also contribute to some hepatic alterations.

LPS-induced cholestasis. Among the hepatic alterations
which appear to be directly mediated by LPS is cholestasis
(23). Perfusion of isolated livers with concentrations of
LPS greater than 5 ug/ml results in cholestasis (141). This
is characterized by a decrease in bile flow as well as by a
decrease in bile clearance of the dyes, sulfobromophthalein
(BSP) and indocyanine green (141,142). LPS also caused a

decrease in the perfusate flow, suggesting that the
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cholestatic effect and decreased dye clearance were due to
alterations in tissue perfusion. However, no cholestasis was
observed when flow was reduced to a similar degree
mechanically in the absence of LPS (141). Blood elements did
not play a role in this effect since buffer-perfused livers
were used. Furthermore, because decreases in bile flow were
observed in the absence of significant changes in perfusate
aminotransferase activity, the cholestatic effects of LPS
were not due to hepatocellular injury.

Bile is produced by 1liver parenchymal cells. Bile
production can be divided into two fractions, bile salt-
dependent and bile salt-independent fractions (143). The
bile salt-dependent fraction is formed by an osmotic
gradient established in the bile canaliculus by the active
secretion of bile acids. In contrast, active transport of
Na' into the bile canaliculus by parenchymal cell Nat/kt-
ATPase presumably mediates the formation of the bile salt-
independent fraction. Because LPS reduces bile flow without
affecting secretion of bile salts, the cholestatic property
of LPS is thought to be due to an alteration in the
formation of the bile salt-independent fraction of bile
(142) . This is supported by evidence indicating that LPS
inhibits Na+/K+-ATPase activity in partially purified bile
canalicular membranes (144). Thus, LPS-induced cholestasis
appears to be due, at least in part, to a direct effect of

LPS on parenchymal cell bile formation.



40

LPS-induced hepatic 1lipid metabolism. Alterations in
hepatic 1lipid metabolism may also result from a direct
effect of LPS on the parenchymal cell. Exposure of isolated
parenchymal cells to low concentrations of LPS results in an
increase in cellular neutral lipid content (132). Increased
secretion of neutral 1lipids is also observed following
exposure of parenchymal cells to LPS in vitro. These changes
are accompanied by an increase in the incorporation of
radiolabeled acetate into neutral 1lipids, suggesting that
they are due to an increase in de novo 1lipid synthesis.
Thus, direct, LPS-induced alterations in parenchymal cell
lipid metabolism may contribute to the accumulation of
lipids in the 1liver as well as to the hyperlipidemia

associated with LPS exposure in vivo.

2.3.b Indirect (host-mediated) effects of LPS on the
liver
Like LPS-induced injury to other tissues (see Chapter
1), several host cells and endogenous mediators may play a
role in the pathogenesis of LPS hepatotoxicity. These
include circulating PMNs, hepatic fixed macrophages,
cytokines, clotting factors, and arachidonic acid

metabolites.

Role of PMNs. PMNs originate in the bone marrow from
promyelocytic stem cells. After maturation, which occurs

primarily in the bone marrow of normal individuals, these
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cells are released into the blood where they 3join
lymphocytes, monocytes, eosinophils and basophils to form
the circulating blood 1leukocyte population. Circulating
numbers of PMNs normally range from 20-30% of the total
number of white blood cell in rats to 40-75% in humans.

PMNs play an important role in the defense of the host
against infection by certain pathogens including gram-
negative bacteria. The importance of PMNs in the host’s
defense against gram-negative bacterial infections is
illustrated by studies which show that inhibition of
bacterial growth is temporally related to the accumulation
of PMNs at the site of infection, and that bacterial growth
at these sites is uninhibited in animals previously depleted
of circulating PMNs (145). Also, patients with deficiencies
in PMN numbers or function exhibit an increased
susceptibility to infection by bacteria (146,147,148).

The response of PMNs to gram-negative bacterial
infections has been studied extensively, particularly in
tissue such as the skin (145). The PMN response involves a
complex series of events which include accumulation of PMNs
at the site of infection followed by microbial killing. PMN
accumulation can be subdivided into chemotaxis, adherence,
and diapedesis (Figure 2.2). Chemotaxis is the process of
directed cell movement where cells such as PMNs migrate to
specific locations along concentration gradients established
by specific, soluble chemotactic factors. For example, in

the case of gram-negative bacterial infections, chemotactic



42

c'c einbiy

*[g] wsTuebaooxoTw HurpeAuT 3aY3 TTTINA
pue (@soj3foobeyd) zrnbue o031 [¥] WNTITISISIUT SY3 UT PIJLATIOR BWOIIq
SNWd °[€] (sTsopadetrp) uwnr3rT3isasjur aYyjl O3 usun] JIe[nNOSeA a9yl woxJ
uotjeabtu pue [z] (0F) STTeO TeITAY3OPUd JeTnOSeA 03 aduaasaype ‘[T1]
(sTxXejowayd) uoT3RIOTWU TS9O PaJOSBITP IPNTOUT YOTYM SJIUSDA® JO SOTIASS
e AqQ uUOT309JUT JO ©93TS 9Y3l 3 pPaj3InIoax ale SNWd burje(noard °erasjoeq
aAT3ebau-weab Aq uoT3zoaJur 03 Ssuodsax (NWd) TTydoajnsN 2°z 9anbt4g



bury
Jeleloeq
eAlebau

-weln

wnsielu|

NINd
uswn|
le|nosep

2’2 eanbig



44

factor concentration gradients direct PMNs toward the site
of infection. Diapedesis is the process by which PMNs
migrate from the vascular lumen to the interstitium. This is
thought to require adherence of PMNs to the vascular
endothelium. The microbicidal activity of PMNs can be
subdivided into phagocytosis and cytotoxicity. Upon arrival
at sites of infection, PMNs become activated and begin to
engulf bacteria by the processes of phagocytosis. Bacteria
contained within phagocytic vacuoles are subsequently killed
and degraded by cytotoxic factors released into the
phagocytic vacuole.

LPS appears to play an important role in eliciting the
PMN response to infection by gram-negative bacteria. For
example, LPS likely contributes to the accumulation of PMNs
at sites of infection. This is supported by observations
that polymyxin B and anti-LPS antibodies attenuate PMN
accumulation and that PMN accumulation can be induced by
injection of purified LPS (41,42,145). LPS is not directly
chemotactic for PMNs in vitro. However, it can stimulate the
production by host tissues of chemotactic factors such as
the cytokine, interleukin 8 (149,150) and the complement
factor, C5a (1). This suggests that LPS-induced production
of endogenous chemotactic factors may contribute to PMN
accumulation at the site of infection by gram-negative
bacteria.

LPS may also contribute to PMN diapedesis during gram-

negative bacterial infections by facilitating PMN adherence
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to endothelial cells. This is supported by evidence
indicating that LPS exposure induces the expression of PMN
adhesion molecules on the surface of endothelial cells in
vitro and increases the adherence of PMNs to cultured
endothelial cell monolayers (53,54). LPS-induced production
of the cytokines, IL-1 and TNF-alpha, may contribute to the
adherence of PMNs to vascular endothelium as well (see
below). Thus, LPS appears to mediate the accumulation of
PMNs at sites of gram-negative bacterial infections by
promoting adherence to the endothelium as well as by
inducing production of chemotactic factors.

LPS has been shown to enhance the release of cytotoxic
agents from activated PMNs in vitro in a serum-dependent
manner (151). This raises the possibility that, in addition
to its role in PMN accumulation, LPS may promote killing of
gram-negative bacteria at sites of infection by inducing the
activation of PMNs to produce microbicidal agents.

Following activation, PMNs are capable of releasing a
variety of  Dbactericidal agents intracellularly into
phagocytic vacuoles or into the extracellular mileu. Among
these agents are highly reactive oxygen metabolites, such as
superoxide anion (037). Activation of PMNs is characterized
in part by an increase in hexose monophosphate shunt
activity and a burst of nonmitochondrial oxygen consumption
(152,153). These activities reflect the activation of NADPH
oxidase. This plasma membrane-bound enzyme utilizes NADPH

derived from metabolism of glucose via the hexose
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monophosphate shunt pathway to catalyze a one electron
transfer to molecular oxygen to form O3 . O  is released
into the phagosome where it contributes to bacterial killing
or extracellularly, where it may injure host tissue (see
below).

While 0,  may possess direct antimicrobial activities,
its cytotoxic effects are thought to be due to the
generation of more potent oxidants, such as hydrogen
peroxide (H03) and hydroxyl radical. H30; can be formed
from O3~ by either a spontaneous or enzyme-catalyzed
dismutation process. °*OH is thought to be generated from 05"
and H30, by an iron-catalyzed pathway. These oxygen
metabolites can initiate peroxidation of lipids resulting in
membrane damage. They may also cause disruption of cell
function by inducing alterations in protein and DNA.

PMN activation is also accompanied by the fusion of
lysosomal granules with phagocytic vacuoles. This process is
refered to as degranulation and results in the release of
lysosomal contents into the phagosome. Lysosomes contain a
variety of ©proteases which may contribute to the
microbicidal potential of PMNs. In addition, 1lysosomal
enzymes, such as lysozyme, digest the cell wall of certain
bacteria, whereas myeloperoxidase utilizes NADPH oxidase-
generated O,  and chloride anions to catalyze the production
of the powerful oxidant, hypochlorous acid, and chloramines.
Other antibacterial agents released from the 1lysosomes

include lactoferin, which chelates iron, and 60 kDa LPS-
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binding protein, which <can permeabilize gram-negative
bacteria.

As indicated above, release of cytotoxic mediators from
activated PMNs is not restricted to the phagosome.
Extracellular release of these agents has been shown to
occur in vitro under certain circumstances, and evidence
from numerous studies suggests that this can result in
damage to host cells in vitro and in vivo (153,154).
Instances in which PMNs have been implicated in the
pathogenesis of injury to host tissue include myocardial
ischemia/reperfusion injury (155), complement-mediated 1lung
injury (156), injury to the gastrointestinal tract induced
by nonsteroidal anti-inflammatory drugs (156), certain
instances of chemically induced 1liver injury (158), and
liver injury following hypovolumic shock (159). In addition
to these examples, PMNs mediate tissue injury following
infection by gram-negative bacteria. For example, PMN
depletion affords protection against injury to the
microvasculature of the skin following intradermal injection
of live E. coli (160). Similarly, PMN depletion attenuates
the injury to the blood-brain barrier in gram-negative
bacterial meningitis (40). This presents a paradox with
respect to the role of PMNs at sites of gram-negative
bacterial infections in that while they limit the growth of
bacteria, they contribute to the pathogenesis of tissue

injury associated with gram-negative bacterial infections.



48

In addition to their role in the pathogenesis of tissue
injury at sites of gram-negative bacterial infections, PMNs
mediate tissue injury in the 1lungs after intravenous
administration of purified LPS (112, Chapter 1). Thus,
exposure to LPS in the absence of gram-negative infection
results in tissue injury which is mediated by PMNs. Because
PMNs accumulate in the liver and are associated with foci of
hepatocellular necrosis during exposure to LPS, it seems
possible that these cells contribute to the pathogenesis of
LPS hepatotoxicity as well. Results from one study which
showed that heat killed Pseudomonas aeruginosa injure
primary cultures of hepatic parenchymal cells in a PMN-
dependent manner support this hypothesis (161). However, the
role of PMNs in LPS hepatotoxicity in vivo remains to be

determined.

Role of Kupffer cells. Kupffer cells are fixed,
vascular macrophages which are scattered throughout the
hepatic sinusoids. Like other resident tissue macrophages,
Kupffer cells originate from promyloblast stems cells in the
bone marrow (162). These precursor stem cells differentiate
into monocytes in the bone marrow and are released into the
circulation. Monocytes may circulate for several days before
becoming sequestered in various tissues including the brain,
skin, kidneys, lungs, spleen, and liver, where they undergo
terminal differentiation to become tissue macrophages.

Following differentiation, macrophages may reside in tissues
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for extended periods of time. This contrasts with PMNs which
are short-lived after emigrating from the vasculature.

Macrophages are phagocytic cells and, like PMNs, they
contribute to the nonspecific immune response by
phagocytosing and killing invading pathogenic microorganisms
(162,163). The macrophage activation process and killing
mechanisms are similar to those described for PMNs and
include increased nonmitochondrial respiration and hexose
monophosphate shunt activity, NADPH oxidase-catalyzed 05"
production, and lysosomal enzyme release. Nitric oxide and
various cytokines, including TNF-alpha, are also produced by
activated macrophages under certain conditions. These agents
possess tumoricidal activities in vitro and may contribute
to the capacity of macrophages to kill neoplastic cells in
vivo. In addition to their role in nonspecific immunity,
macrophages perform important accessory functions in
specific immune responses by processing and presenting
antigens to B and T lymphocytes as well as by releasing
lymphocyte mitogenic and activating factors, including the
cytokine, IL-1.

It has been proposed that an important function of
Kupffer cells is to filter the portal circulation of foreign
substances and neoplastic cells derived from the
gastrointestinal tract. This function is thought to be
particularly important in preventing LPS originating from

the gut from reaching the systemic circulation.
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Although Kupffer cells may protect against systemic
endotoxemia, evidence from several studies suggests that
these cells also contribute to the manifestation of certain
pathophysiologic alterations associated with LPS exposure
including lethality. Several strains of mice are
exceptionally hyporesponsive to the lethal effects of LPS.
Among these is the C3H/HeJ mouse strain (164). Although the
mechanism for this has not been clearly elucidated, genetic
studies suggest that a defect in a single, autosomal
dominant gene locus on chromosome 4, which is referred to as
the 1lps locus, may be involved (165). In any case, results
from several studies in vitro suggest that alterations in
macrophage function may contribute to the altered LPS
responsiveness exhibited by C3H/HeJ mice. For example,
macrophages isolated from C3H/HeJ mice are defective in the
release of several mediators following LPS exposure in
vitro. Because these mediators, which include certain
arachidonic acid metabolites (166), TNF-alpha (167) and
nitric oxide (168), have been implicated in the
pathophysiologic alterations associated with LPS exposure in
vivo, this suggests that defects in macrophage function may
contribute to the reduced responsiveness of LPS-resistant
mice and that normal macrophage functions may be required
for the manifestation of many LPS-induced pathophysiologic
alterations.

A defect in phagocytic activity has also been observed

by macrophages elicited from C3H/HeJ mice (169). In vivo,
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fewer numbers of Kupffer cells exhibited phagocytic activity
in C3H/HeJ mice compared to LPS-sensitive mice strains
(170) . This decrease was not due to a reduction in absolute
numbers of Kupffer cells since histological stains specific
for Kupffer cells revealed that their numbers in 1liver
sections from sensitive and resistant mice were similar.
Furthermore, phagocytic activity by Kupffer cells in the
resistant mouse strain occured at a lower rate than in LPS
sensitive mice strains, indicating that the efficiency of
Kupffer cell function in the resistant mice was reduced as
well.

Similar differences in Kupffer cell phagocytic activity
were observed in vivo among animal species (118). A large
variation in LPS sensitivity also exists among species. For
example, guinea pigs are nearly 10 times more sensitive to
the 1lethal effects of LPS than are rats. This species
difference in LPS-induced 1lethality correlated with the
number of Kupffer cells in the liver exhibiting phagocytic
activity. Thus, guinea pigs had greater numbers of
phagocytic Kupffer cells than rats. Furthermore,
phagocytosis by Kupffer cells in less sensitive species
occured at lower rates. It was proposed from these studies
and from the studies in C3H/HeJ mice that sensitivity to LPS
was dependent on Kupffer cell function. Consistent with this
is evidence indicating that substances which increase
Kupffer cell activity also increase LPS lethality (171,172).

Conversely, substances which decrease Kupffer cell activity
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protect against LPS-induced 1lethality. Interestingly,
pretreatment with Bacillus Calmette Guerin, which markedly
increases macrophage activity in normal mice, increased the
sensitivity of LPS-resistant mice to LPS (173). These
results are consistent with the role of hepatic macrophages
in the lethal effects of LPS.

Kupffer cells may play a role in the pathogenesis of
LPS hepatotoxicity as well. This is supported by studies
showing that the increase in numbers of activated
macrophages in the 1liver following pretreatment with
Corynebacterium parvum is associated with a dramatic
increase in the hepatotoxicity of LPS (174,175). Also,
inhibition of Kupffer cell function with methyl palmitate
affords protection against LPS hepatotoxicity (175). Because
activated Kupffer cells can release several cytotoxic
mediators (162), it has been suggested that damage to
hepatic parenchymal cells following LPS exposure may be
mediated by Kupffer cell-derived substances.

Further support for the role of Kupffer cells in LPS
hepatotoxicity has been provided by studies in vitro using
cocultures of primary liver parenchymal cells and Kupffer
cells. Inhibition of protein synthesis by and cytotoxicity
to cultured liver parenchymal cells induced by exposure to
LPS occurs only in the presence of Kupffer cells (177).
These effects are dependent on L-arginine, are associated
with an increase in nitric oxide (NO) production in

parenchymal cells, and are prevented by inhibitors of NO



53

synthesis (177). Because similar effects are observed by
liver parenchymal cells incubated with supernatant from LPS-
treated Kupffer cells, it was concluded that LPS induced the
release of soluble factors from Kupffer cells which
increased the production of NO by liver parenchymal cells
(178,179). The increased production of NO subsequently
resulted in decreased protein synthesis in and cytotoxicity
to 1liver parenchymal cells. Although the Kupffer cell-
derived factor has not been identified, evidence suggests
that these effects may be mediated at 1least in part by
cytokines released from LPS-treated Kupffer cells (179).
Although some studies support the role of Kupffer cells
in the pathogenesis of LPS hepatotoxicity, results from
other studies argue against this hypothesis. For example, NO
synthesis inhibitors do not afford protection against liver
injury following exposure to LPS in vivo suggesting that,
whereas NO mediates injury to hepatic parenchymal cells in
vitro, NO production does not contribute to parenchymal cell
damage in vivo (180). Indeed, inhibition of NO synthesis
actually enhanced LPS hepatotoxicity. Furthermore,
intravenous administration to mice of liposome-encapsulated
dichloromethylene diphosphonate, which effectively
eliminates the Kupffer cell population of the liver, did not
protect against LPS hepatotoxicity (181). Thus, despite
evidence supporting the role of Kupffer cells in LPS-induced
liver injury, the contribution of Kupffer cells remains

unclear.
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Role of cytokines. Interleukins, interferons (IFNs),
and TNF are examples of soluble mediators comprising
cytokines. These proteins are produced and secreted by a
wide variety of cell types including monocytes and
macrophages, lymphocytes, endothelial and vascular smooth
muscle cells, fibroblasts, and hepatocytes (182).

A number of important physiologic functions have been
attributed to cytokines (182,183). For example, they form a
complex communication network among cells of the
hematopoietic system in which they control the
differentiation and maturation of blood cells from precusor
stem cells in the bone marrow (184). Among the cytokines
that have been implicated in the process of hematopoiesis
are interleukins such as IL-3, IL-4, IL-5 and IL-7, and
colony stimulating factors. Cytokines also contribute to
both the specific and nonspecific immune responses by
regulating 1lymphocyte proliferation, differentiation, and
activation and by increasing the resistance to viral
infection and neoplasia (185, 186, 187,188). Cytokines with
immune system functions include various interleukins (most
notably IL-1, IL-2, and IL-6), TNF, and the interferons.

Following tissue injury or infection, a shift in
protein synthesis by the liver occurs which is characterized
by a decrease in synthesis of certain plasma proteins such
as albumin, and an increase in synthesis of the class of
plasma proteins termed acute phase proteins (182). These

proteins contribute to the regulation of the inflammatory
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response and their synthesis 1is mediated by certain
cytokines, including 1IL-1, 1IL-6 and TNF-alpha. This
cytokine-induced alteration in plasma protein synthesis by
the 1liver is thought to play a role in the acute phase
response to gram-negative bacterial infection and LPS
exposure.

Several cytokines, particularly IL-1, IL-6, IL-8, and
TNF-alpha, appear to play an important regulatory role at
sites of inflammation (188). For example, because IL-1 and
TNF-alpha both induce procoagulant activity in cultured
vascular endothelial cells, these cytokines may contribute
to the initiation of coagulation at sites of inflammation in
vivo (189). Furthermore, IL-1 and TNF-alpha induce the
expression of PMN adhesion molecules on the surface of
vascular endothelial cells, thus raising the possiblity that
these cytokines contribute to the accumulation of PMNs at
sites of inflammation (53,190,191). TNF-alpha induces the
expression of CD11b/CD18 complex on the surface of PMNs as
well (192). In as much as this complex mediates PMN adhesion
to surfaces, TNF-alpha may mediate PMN accumulation at sites
of inflammation by affecting PMNs in addition to affecting
vascular endothelium. Finally, these cytokines stimulate the
production of the potent cytokine chemotactic factor, IL-8,
from host cells suggesting that they may promote PMN
accumulation at sites of inflammation by inducing the

production of endogenous chemotactic factors (150,193).
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While cytokines perform beneficial functions in the
hematopoietic and immune systems as well as during
inflammation, evidence from numerous studies suggests that
they may also mediate tissue injury under certain
circumstances. Among the cytokines implicated in the
pathogenesis of tissue injury is TNF-alpha. A wide variety
of pathophysiologic alterations have been attributed to TNF-
alpha. Exposure to recombinant TNF-alpha can produce severe
hypotension, shock, and injury to various organs including
the lungs and gastrointestinal tract (194,195).
Pathophysiologic conditions in which TNF-alpha has been
implicated include neurologic alterations associated with
cerebral malaria (196), injury to the 1liver and 1lungs
following hepatic ischemia/reperfusion (197) and lung injury
following intestinal ischemia/reperfusion (17).

Exposure to LPS is associated with a transient increase
in circulating TNF-alpha concentration which peaks
approximately 1-2 hr after LPS administration (198). Results
from several studies suggest that TNF-alpha may contribute
to the pathophysiologic alterations accompanying LPS
exposure. For example, neutralization of TNF-alpha with
specific TNF antiser