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ABSTRACT

THE ROLE OF THE INNATE IMMUNE SYSTEM IN THE LPS-INDUCED
POTENTIATION OF ALLYL ALCOHOL HEPATOTOXICITY

By

Rosie Antionette Sneed

Lipopolysaccharide (LPS) causes liver damage at relatively large doses in
rats (>2 mg/kg). Smaller doses, however may modify the response to
other hepatotoxicants. Pretreatment of rats with a small dose of LPS (100
ug/kg) significantly increased the hepatotoxicity of a subsequent, nonlethal
dose of allyl alcohol (30 mg/kg). The presence of exogenous LPS
accelerated the development of liver injury compared to controls and the
lesions produced resembled those caused by a higher dose of allyl
alcohol. Doses of LPS up to 4 orders of magnitude lower than 100 ug/kg
were able to potentiate the hepatotoxicity of allyl alcohol significantly, and
the presence of LPS caused a leftward shift in the dose-response curve of
allyl alcohol. Allyl alcohol had to be metabolized to the aldehyde, acrolein,
for the potentiation to be seen; however, LPS did not exert its effect by
altering the activity of alcohol dehydrogenase. Likewise, LPS did not affect
hepatocellular levels of reduced glutathione. Inhibition of either Kupffer

cell function or depletion of circulating neutrophils afforded animals



significant protection from LPS-induced enhancement of allyl alcohol
hepatotoxicity. These data indicated that these cell populations played a
significant role in this model of liver injury. Kupffer cells are key regulators
of the host response to infection. They exert their effects on adjacent cells
via a number of powerful biochemical mediators such as cytokines and
prostaglandins. Inhibiting the synthesis of one of these mediators, tumor
necrosis factor-alpha (TNF), has been shown to be protective in models of
liver injury using high doses of LPS. Administration of PTX, an inhibitor of
TNF synthesis, protected animals from LPS-induced potentiation of allyl
alcohol hepatotoxicity, but the administration of a more specific anti-TNF
serum did not. These results suggest that PTX protected animals through
one of its other pharmacological properties such as increasing the
intracellular levels of cyclic adenine monophosphate (cCAMP) in Kupffer
cells or attenuation of free radical formation. Direct exposure of cultured
hepatocytes to LPS did not increase their sensitivity to allyl alcohol, and
neither did direct exposure to TNF. These data suggest that neither LPS
nor TNF alone was sufficient to sensitize hepatocytes to allyl alcohol. The
data may also suggest that a more complex series of events occurs in vivo
than simple exposure to TNF. In conclusion, LPS potentiates the
hepatotoxicity of allyl alcohol, and cells of the innate immune system play a
critical role in the ability of LPS to potentiate the hepatotoxicity of allyl

alcohol.
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INTRODUCTION

The innate immune system serves as the first line of defense against
microbial invaders for mammalian organisms. Due to its ability to respond
to biological insult without prior exposure, the innate immune system is an
invaluable asset in the prevention of a bacterial infection. Individuals who
have defects in this branch of the immune system are more susceptible to
bacterial disease than other individuals (Anderson et al., 1985; Giger et
al., 1987; Patarroyo and Makgoba, 1989). Although the activation of the
innate immune system is most often beneficial to its host, it can also be
detrimental. An excessive or inappropriate response of the innate immune
system can result in injury to organs, derangement of blood circulation or
death.

Lipopolysaccharide (LPS) from the outer membrane of Gram-negative
bacteria is an ancient signal of bacterial invasion. Cells of the innate
immune system respond to this substance and activate the various host
defense mechanisms. LPS is also one of the things which can trigger an
overreaction from the innate immune system.

Recently, activation of the innate immune system has been associated
with the enhancement of adverse tissue responses to certain xenobiotic
agents. Laboratory animals treated with activators of the innate immune

system are more susceptible to agents such as carbon tetrachloride



(Chamulitrat et al., 1994), D-galactosamine (Galanos et al., 1979), and
halothane (Lind et al., 1994). It is interesting to speculate whether this
also occurs in humans. If so, the state of activation of the innate immune
system may explain some of the idiosyncratic responses to toxic
xenobiotics observed in humans. When the innate immune system has
been stimulated, an otherwise nontoxic dose of a xenobiotic agent
becomes toxic.

In this dissertation, the following hypothesis will be tested: Activation of
the inflammatory cells of the innate immune system by lipopolysaccharide
and the consequent production of mediators by these cells is important in
the mechanism by which lipopolysaccharide enhances allyl alcohol-
induced hepatotoxicity. In this introduction, the innate immune system,
biology of lipopolysaccharide and its effects on the liver, the interaction of
the innate immune system with lipopolysaccharide, the ability of
lipopolysaccharide to potentiate xenobiotic hepatotoxicity, and the
toxicology of allyl alcohol will be discussed. In subsequent chapters,
experimental evidence supporting the above hypothesis will be presented

and discussed.



Chapter 1

GENERAL INTRODUCTION



1. A. The Innate Immune System

The mammalian immune system is composed of two main divisions: the
acquired immune system and the innate immune system. The acquired
immune system must have prior exposure to pathogens before a full
response is mounted. Thus it serves as a secondary, long-term line of
host defense. = The various populations of lymphocytes make up this
branch of the immune system. In contrast, the innate immune system is
designed for a rapid response to invasive agents and is nonspecific in its
actions. It's activity does not require prior exposure. The cells comprising
this system are myeloid in origin, and their precursors are located in the
bone marrow. Members of this branch of the immune system include

macrophages, neutrophils, eosinophils, and basophils.

1. A. 1. Macrophages

Macrophages are terminally differentiated mononuclear phagocytes
that reside in most tissues. The cells are believed to originate mainly in
the bone marrow and travel to their tissue of destination in the form of
blood monocytes. Precursor populations of macrophages have also been
found in other organs, and these most likely contribute to the fixed

macrophage populations of the body.



Macrophages exhibit both heterogeneity among tissues as well as
within a given tissue. For example, in mice, the populations of
macrophages within various tissues express different cell surface proteins
and have different levels of biochemical activity and phagocytic ability
(Unanue, 1990). In the murine spleen, two populations of macrophages
can be distinguished based upon phagocytic activity and expression of
MHC class Il molecules (Unanue, 1990).

These cells have numerous functions that protect the host from
invading pathogens. They entrap and kill microorganisms and clear body
fluids of soluble immune complexes. They take up and process antigen for
presentation to lymphocytes. Macrophages are also highly secretory.
Their products include eicosanoids, growth factors, complement proteins,
nitric oxide, cytokines, reactive oxygen species, chemokines and enzymes
(Decker, 1990). These products represent a mechanism by which
macrophages communicate with other cells and regulate the immune

response.

1. A. 2. Kupffer Cells

Kupffer cells are named after their discoverer, Baron von Kupffer, and

are the largest single population of macrophages in the mammalian body.



These are the resident macrophages of the liver and are situated in the
hepatic sinusoids. The strategic position of Kupffer cells in the hepatic
sinusoids allows them to play a major role in clearing the portal blood of
particulate matter, especially bacteria and bacterial products.  Kupffer
cells form one part of the two-part system used by the liver to detoxify and
metabolize LPS (Fox et al, 1989). They perform the first part of the
detoxification process by removing some of the polysaccharide moieties;
the modified LPS is then passed onto hepatocytes for further metabolism.
In intact animals, Kupffer cells play a major role in the liver injury
caused by large doses of LPS (2 mg/kg and above). Blockade of Kupffer
cell function protects the host from many of the damaging effects of
endotoxemia (Marshall et al., 1987; limuro et al., 1994). The ability of
LPS-stimulated Kupffer cells to affect and modify the functions of adjacent
parenchymal cell populations is possibly one reason for the injurious
effects produced by the resident liver macrophages. Another may be the
direct toxic effects of some of the biochemical mediators produced by

these cells.



1. A. 2. 1. Hepatic Architecture

The liver is the largest gland in the body, with both exocrine and
endocrine functions. This organ is situated between the mesenteric
venous blood flow and the rest of the body, and the liver serves as the
gate-keeper between the intestine and the systemic blood. The
mesenteric veins combine to form the hepatic portal vein, the main blood
supply to the liver. A second, much smaller blood supply comes from the
hepatic artery.

Histologically, the liver is composed predominantly of cuboidal epithelial
cells arranged in radiating cords that are in turn arranged in laminae. The
spaces between the radiating cords are called sinusoids and they
converge at the central vein. The distal portion of the sinusoids originates
at the portal triad, a structure composed of a branch of the portal vein, a
branch of the hepatic artery, one or more bile ducts, and a lymph channel.
The sinusoids can be thought of as specialized capillary beds. They are
lined with fenestrated endothelial cells, Kupffer cells, Ito cells, and pit cells.
Blood flows from the portal triads towards the central veins. Eventually the
central veins converge to form the hepatic veins that drain into the inferior

vena cava.



1. A. 2. 2. Location and Function of Kupffer Cells

Kupffer cells are one of the four types of hepatic sinusoidal cells. They
have two origins: 1) from proliferation of existing hepatic populations and,
2) from precursors in the bone marrow (Fawcett, 1986). They are variable
in shape and seem to be able to change their position within the sinusoidal
space. While they are mainly found in contact with the endothelium, they
may also be found within the space of Disse (Bouwens and Wisse, 1992;
Wisse et al., 1996).

The surface of Kupffer cells is irregular, characterized by surface folds,
villous projections and vermiform bodies. A thin glycocalyx is present; most
of the cell surface of Kupffer cells is in contact with the blood flowing from
the portal triad. Their cytoplasm is richer in organelles than the neighboring
endothelial cells. Peroxidase is present in the lumens of the endoplasmic
reticulum, and peroxidase activity is a means to distinguish Kupffer cells
from endothelial cells.

Different populations of Kupffer cells have been identified based on
size, phagocytic activity and surface antigens. Periportal Kupffer cells are
larger, have more lysosomal and cathepsin G activity, and are able to
phagocytose more latex particles than Kupffer cells isolated from the
centrilobular or midzonal regions of the liver lobule (Sleyster and Knook,

1982).



Macrophage subpopulations can be distinguished using the ED family
of cell surface antigens. ED1 has been found on monocytes and all
macrophage populations while ED2 has been associated with resident
macrophages (Sato et al., 1998; Yamate et al., 1999). Using monoclonal
antibodies to the ED1 and ED2 surface antigens, Armbrust and Ramadori
(1996) distinguished between two populations in the liver. Large ED1+/
ED2+ Kupffer cells are located mainly in the periportal and centrilobular
regions. Smaller ED1+/ED2- cells are found along the midzonal region of
the sinusoids.

The position of Kupffer cells in the hepatic sinusoids allows them
extensive access to the portal blood flow. Kupffer cells are highly
phagocytic cells, and in addition to removing bacterial LPS as mentioned
above, they actively remove particulate matter from blood passing over
them. When laboratory animals are treated with colloidal carbon, the
carbon particles are rapidly phagocytosed by the host's macrophages,
including Kupffer cells. The accumulated carbon can be seen under light

microscopy (Fawcett, 1986).



1. A. 2. 3. Interaction of Kupffer Cells and Hepatocytes

Kupffer cells are in contact with the other cell types of the liver and play
a role in liver homeostasis in both normal and disease states. These
macrophages can affect the level of protein synthesis, protein
phosphorylation, and glycogenolysis in neighboring hepatocytes. For
example, in a series of in vitro studies involving hepatocyte:Kupffer cell
cocultures, West and colleagues (1985, 1986, 1988) found that
unstimulated Kupffer cells stimulate protein synthesis in hepatocytes as
measured by *H-leucine incorporation.

In contrast to results with unstimulated Kupffer cells, when hepatocytes
were cultured with Kupffer cells stimulated with LPS, protein synthesis was
inhibited. The factors involved in this process were soluble because these
results could be reproduced by culturing hepatocytes in medium from
unstimulated Kupffer cells and LPS- or E. coli-stimulated Kupffer cells.
The level of inhibition of protein synthesis was directly related to the
production of nitrates and nitrites, suggesting a role for nitric oxide (NO)
(Billiar et al., 1989a, Billiar et al., 1989b). Furthermore, the level of
inhibition of protein synthesis was also related to the amount of L-arginine
in the culture medium, and the inhibitor of nitric oxide synthesis,
N®monomethyl-L-arginine, prevented most of the observed inhibition of

protein synthesis.

10



Conditioned medium from LPS-treated Kupffer cells enhanced the
phosphorylation of some proteins and inhibited the phosphorylation of
others in cultured hepatocytes (Castelijn et al, 1988a). These changes in
phosphorylation could be reproduced with the prostaglandins PGD,, PGE,,
and PGE,, indicating that Kupffer cells use eicosanoids as a means of
intercellular communication in the liver.

Another example of this communication is the role of PGD, in the
increase in glucose levels seen during endotoxemia. In the isolated,
perfused liver, LPS exposure produces a spike in PGD, levels before an
increase in glucose output (Castelijin et al., 1988b). This increase in
glucose can be blocked with aspirin, an irreversible inhibitor of
cyclooxygenase. In addition, PGD, alone can stimulate glucose
production in cultured hepatocytes. LPS alone could not, indicating that a
cell type other than hepatocytes is producing the PGD,. Since the major
eicosanoid produced by LPS-stimulated Kupffer cells is PGD,, Kupffer

cells are the most likely candidate (Kuiper et al., 1988).

1. A. 3. Neutrophils

Neutrophils are another cell population important in the innate immune

system. They are derived from the same pluripotent stem cell as blood

11



monocytes. Mature neutrophils are released into the general circulation
and have a half-life in the circulation of approximately six hours. They
soon move out of the blood stream and enter the extravascular pool of
neutrophils. These cells are “front line” phagocytes responsible for early
defense against bacterial infection. They are the first cells to arrive at sites
of inflammation and are responsible for the early kiling of invading
microorganisms. Neutrophil granules are storage sites for the various
enzymes and mediators used by these cells as part of their role in tissue
inflammation (Gallin, 1989).

Even though neutrophils are largely beneficial in their activities, they
can cause massive hepatocellular injury and necrosis. Large numbers of
neutrophils accumulate in the sinusoids of rats treated with high doses of
LPS (2 mg/kg and above) (Hewett et al, 1992). These neutrophils
release proteases and reactive oxygen species into the intercellular
environment for the purpose of killing invading bacteria; however, the
mediators also have toxic effects on the hepatic parenchymal cells,
causing cell death and injury. Reduction of circulating neutrophil
populations alone or disrupting their ability to migrate into tissues can
protect rats (Jaeschke et al., 1991; Hewett et al, 1992; Hewett et al.,
1993) and mice (Xu et al., 1994) from the liver injury associated with

exposure to high doses of LPS over 2 mg/kg, demonstrating that

12



neutrophils, like Kupffer cells, play a vital role in the liver injury associated

with high blood levels of LPS.

1. A. 4. Eosinophils and Basophils

Eosinophils and basophils form the balance of the innate immune
system. These cells do not interact directly with LPS but are responsible
for protection against parasitic infections (eosinophils) and mediating the

allergic response (eosinophils and basophils) (Fawcett, 1986).

1. A. 5. Interaction of LPS and the Innate Immune System

Cells of the innate immune system are very sensitive to the presence of
LPS. In fact, many of the effects of LPS do not arise from direct action of
LPS on the various systems of the host, but are mediated through the
actions on the innate immune system.

The focus of this dissertation is the role of the innate immune system in
LPS effects on allyl alcohol hepatotoxicity. The previous sections provided

background on the innate immune system. The next section will begin with

13



an introduction to the topic of LPS as a prelude to a discussion of the

interaction of LPS with the innate immune system.

1. B. Lipopolysaccharide

1. B. 1. Structure

LPS is a component of the outer membrane of Gram-negative bacteria
(Anderson et al., 1985; Raetz et al., 1988; Rietschel et al., 1994). The
exact structure of the molecule varies among species and strains of
bacteria, but all LPS molecules share three specific characteristics. These
are the O-antigen, the core, and lipid A (Figure 1.1). The most variable
region of LPS is the O-antigen. The O-antigen is the outermost portion of a
molecule of LPS and is in contact with the external environment.
Composed of twenty to forty repeating sugar units, the O-antigen is
responsible for the antigen specificity of a given LPS molecule. The core,
the central region of LPS, is embedded in the outer surface of the
membrane. It serves as the bridge between the O-antigen and the
innermost portion, lipid A. The core contains two unusual sugars: a seven-

carbon sugar (heptose), and a 2-keto-3-deoxy-D-manno-octulosonic acid

14



(KDO). The final portion, lipid A, is the most conserved region of LPS. Itis
also responsible for most of the biological activity associated with LPS.
The lipid A portion of LPS is fully embedded in the membrane, and its fatty
acid tails oppose the fatty acid tails of the phospholipids that make up the
internal side of the outer membrane lipid bilayer.

LPS has been classified into three categories based on the structure of
the O-antigen: smooth, semi-rough, and rough. In the smooth strains of
LPS, a full complement of twenty to forty sugar residues is present in the
O-antigen. The O-antigen is greatly reduced in the semi-rough strains,
whereas the rough strains lack both the O-antigen and part of the core

(Morrison and Ulevitch, 1978).

1. B. 2. Sources of LPS in Host Systems

LPS may enter the body of the host animal by two major routes: from
organisms outside of the host (exogenous) and from organisms inhabiting
the intestinal tract (endogenous). Most of the toxic effects of LPS are
associated with infection by Gram-negative bacteria, an exogenous source
of LPS. The proliferation of bacteria and the release of their products into
the host's system lead to the clinical conditions known as septic shock,

adult respiratory distress syndrome, and multiple system organ failure.
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Figure 1.1. Structure of LPS. The typical LPS molecule has three distinct
divisions. The O-antigen is the outermost portion of the molecule and
faces into the environment. The middle portion is the Core and contains a
unique seven-carbon sugar, KDO. Lipid A is the innermost portion of the

molecule.
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The diseases associated with bacterial infections arise from a wide variety of
causes including tissue trauma, contagion, and nosocomial infections. The
elderly, very young, and immunocompromised are the most vulnerable, but any
individual can be affected (Durham et al., 1990). Even with intervention with
antibiotics and supportive therapy, many patients diagnosed with one of the
above conditions still die. This is thought to be due the enhanced release of
LPS from the bacteria killed by the antibiotic and the amount of systemic damage
that has occurred before the patient is treated.

Endogenous LPS arises from the Gram-negative bacteria mammals
normally carry in their large bowel. These microorganisms ferment
ingesta, further processing it and releasing valuable nutrients. A small
amount of the LPS released by the turnover of gut bacteria reaches the
portal circulation and is cleared by the Kupffer cells (Jones and
Summerfield, 1988; Fox et al., 1989; Nakao et al., 1994). If the gut wall
is compromised by intoxication or disease, an increased amount of LPS
may enter the portal circulation and overwhelm the normal hepatic

clearance mechanisms.
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1. B. 3. Effects of LPS on Mammalian Physiology

LPS is a biologically active compound in mammalian systems (Raetz et
al., 1988; Vogel, et. al., 1990; Raetz, et. al., 1991; Wright and Kolesnick,
1995) and may have either positive or negative responses in a given host.
Several beneficial effects have been found from exposure to LPS. The
oldest benefit known is the chemotherapeutic effect of bacterial products in
cancer treatment. This was first noted in the late 1800’s. Researchers
discovered that LPS could induce hemorrhage and necrosis in tumors
(Vogel and Hogan, 1990). In time, they found the causative agent to be
the cytokine, tumor necrosis factor, which is elicited by exposure to LPS
(Carswell et al., 1975). Other beneficial effects of LPS include stimulation
of the innate immune system to resist infection. The C3H/HeJ mouse,
which is hyporesponsive to LPS, has less resistance to pathogens than the
C3H strains that exhibit a normal response to LPS (O’'Brien et al., 1980).
Sublethal doses of LPS are also radioprotective when given 16 to 24 hours
prior to exposure (Neta et al, 1986a). The protective effect of LPS was
found again to be due to the induction of cytokines such as tumor necrosis
factor- alpha, interleukin-1 and colony stimulating factor (Fujita et al.,
1983; Neta et al., 1986a; Neta et al., 1986b).

LPS has a number of detrimental effects on the host as described

above. On the physiological level, LPS acts as a pyrogen. It raises the
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normal temperature set point in the hypothalamus (Dinarello, 1983). The
body raises the core temperature in response to the new set point by
vasoconstriction, reduced sweating, piloerection, and shivering. LPS
exposure causes hypoglycemia by inhibiting the glucocorticoid induction of
phosphoenolpyruvate carboxykinase (Rippe and Berry, 1972). LPS
toxicity also causes disorders of the circulatory system, notably
disseminated intravascular coagulation, hypotension, and infarcts. It is the
circulatory disorders that are associated with the lethal effects of LPS, and
organs that have extensive vascular beds such as liver, lung, and kidney

are very susceptible. The organ of interest for this dissertation is the liver.

1. B. 3. 1. Effects of LPS on the Liver

Gram-negative bacteria and LPS have been shown to be hepatotoxic
by several investigators (Levy, et. al., 1967; Balis, et. al., 1979; Utili, et.
al., 1977; Hirata, et. al.). Microscopic changes in the liver are seen 30
minutes after the injection of a sublethal dose of LPS in mice (100-300 png)
(Levy et al., 1967). At this time, Kupffer cells become more rounded in
appearance and bulge into the hepatic sinusoids, and neutrophils begin to
accumulate in the sinusoids. Neutrophils are present in the sinusoids by

60 minutes. This is accompanied by mononuclear cells and eosinophils.
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Thrombi are also present at this time. At two hours after LPS treatment,
Kupffer cells and endothelial cells are swollen. This, along with the
thrombi and infiltrating leukocytes, slows and alters the pattern of blood
flow through the hepatic sinusoids (McCuskey et al., 1982). The number
of neutrophils in the liver continues to increase.

LPS has some direct effects on hepatocytes; however, these effects
(including alterations in bile and fatty acid synthesis) are not considered to
be toxic (Utili et al., 1977; Feingold et al., 1992). Most of the liver injury
from treatment with LPS is due indirectly to effects of LPS on the innate
immune system. These various indirect effects of LPS on the liver are
mediated by cytokines, free radicals, eicosanoids, and enzymes produced

by cells of the innate immune system (Figure 1.2).

1. B. 3. 2. Biochemical mediators of LPS-induced hepatotoxicity

Cytokines

Cytokines are proteins or glycoproteins produced by cells of the
immune system. They serve as a means of communication between the
producing cell and the target cell, and their effects may be local or

systemic.
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Elevated levels of cytokines are found in the blood of both human
patients suffering from bacterial infections and experimental animals
administered LPS or Gram-negative bacteria. The plasma levels of tumor
necrosis factor-alpha and interleukin-6 in patients admitted to hospitals
with serious bacterial infections are elevated, and this elevation correlates
with disease severity and death (Brantzaeg et al., 1991; Dofferhoff et al.,
1991).

Tumor necrosis factor-alpha

The term “tumor necrosis factor” is used for two cytokines produced in
response to inflammatory stimuli. The alpha form is released by cells of
the monocyte/macrophage series and is also known as cachectin (Beutler
et al., 1985; Beutler and Cerami, 1987; Bemelmans et al., 1996). The
beta form is produced by lymphoid cells and is called lymphotoxin (Paul
and Ruddle, 1988). Both have similar biological effects.

Tumor necrosis factor-alpha (TNF) is considered to be the pivotal
proinflammatory cytokine of the host response to LPS (Tracey and Cerami,
1993). It is the first cytokine detected after exposure to bacteria or
endotoxin:  blood concentrations peak between 90 to 120 minutes in
humans (Hesse et al., 1988; Michie et al., 1988) and at 120 minutes in
baboons (Creasey et al., 1991). TNF can stimulate the production of the
other major cytokines of inflammation, interleukin-1 (IL-1) and interleukin-6

(IL-6) (Dinarello et al., 1986; Fong et al., 1989; Helle et al., 1991).
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Figure 1.2. Products of LPS-stimulated macrophages. The binding of the
LPS binding protein (LBP):LPS complex to the CD14 receptor activates a
number of intracellular pathways, resulting in the release of a variety of

biochemical mediators of inflammation.
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Inhibition of tumor necrosis factor-alpha activity, either by passive
immunization with anti-tumor necrosis factor-antibodies (Beutler et al.,
1985; Tracey et al., 1987) or pharmacologically with pentoxifylline (Hewett
et al, 1993), protects laboratory animals from the damaging effects of
both endotoxemia and bacteremia. The signs and symptoms associated
with inflammation and cachexia can be mimicked by administration of
exogenous TNF (Tracey et al., 1988).
Interleukin-1

Interleukin-1 is a cytokine produced by a variety of cell types and
tissues, including macrophages, epidermal, epithelial, lymphoid, and
vascular tissues (Moore et al., 1980; Dinarello, 1988). It is the second of
the proinflammatory cytokines to reach a peak in plasma after exposure to
endotoxin (240-300 min in baboons; 120 minutes in humans) (Creasey et
al., 1991; Zabel et al., 1989) and is found in the blood of human patients
and experimental animals suffering from endotoxemia and bacteremia (van
der Meer and Vogels, 1991; Brandtzaeg et al., 1991; Creasey et al,
1991).

Interleukin-1 is a potent mediator of the inflammatory response. It
enhances the growth of T lymphocytes, induces the expression of
adhesion molecules on endothelium, elicits the release of other
biochemical mediators such as prostaglandins, IL-6, TNF, and

granulocyte-macrophage colony stimulating factor (Kunkel et al., 1986;
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Durum and Oppenheim, 1989), and induces neutrophil emigration into
tissues (Cybulsky et al., 1986; Movat et al., 1987). In mice, blockade of
the IL-1 receptor significantly alters the inflammatory response to LPS
(Mcintyre et al., 1991). Neutrophil migration from the bone marrow is
significantly attenuated. In addition, serum levels of hepatic acute phase
proteins and IL-6 are significantly lowered in the murine model (Mclintyre
et al., 1991).

Interleukin-6

Following administration of LPS, blood concentrations of IL-6 peak at
120 minutes in humans (Zabel et al., 1989) and at 180 minutes in rats
(Kispert 1992). IL-6 is produced by a number of cell types such as
activated macrophages and T Ilymphocytes, endothelial cells, and
fibroblasts (Durum and Oppenheim, 1989; Jirik et al., 1989; Helle et al.,
1991; Callery et al., 1992). The production of IL-6 is greatly influenced by
the other two proinflammatory cytokines, TNF and IL-1. Both TNF and IL-1
have a stimulatory effect on IL-6 production (Durum and Oppenheim,
1989; Evans et al., 1992; Brouckaert et al., 1993).

Interleukin-6 plays a key role in the acute phase response characteristic
of endotoxemia. This cytokine is a major initiator and regulator of the
hepatic synthesis of acute phase proteins such as fibrinogen, alpha-2-
macroglobulin, and C-reactive protein (Zentella et al, 1991; Kispert

1992).
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Eicosanoids

The eicosanoids are a family of unsaturated, twenty-carbon fatty acid
derivatives with powerful regulatory actions on host physiology. They
include prostaglandins, leukotrienes, and thromboxanes. These lipids
mediate a wide variety of bodily functions including the production of pain
and fever, induction of blood clotting, regulation of blood pressure,
induction of labor, regulation of gastric acid production and inflammation.
The eicosanoids have some hormone-like properties, but unlike hormones,
they generally exert their actions locally.

Eicosanoids are involved in the inflammatory response. They are
produced by cells of the immune system and regulate many of the
activities of neighboring cells such as cytokine production (Callery et al.,
1990) and glycogenolysis (Casteleijn et al.,1988c). The pattern of
eicosanoid production varies among cell types. Neutrophils have a
greater production of leukotrienes compared to macrophages, which
produce more prostaglandins.

Eicosanoids are produced by cells of the innate immune system in
response to both normal physiologic stimuli and LPS. These compounds
or their metabolites have been detected in the plasma and bile of septic
patients and of experimental animals given endotoxin or otherwise
exposed to products of Gram-negative bacteria. Inhibition of one or more

of the eicosanoids has been shown to increase survival in some animal
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models. For example, the use of non-steroidal anti-inflammatory drugs
such as aspirin, naproxen, and ibruprofen increases the survival of
endotoxemic or septic animals (Ball et al., 1986; Albrecht et al., 1997).
Inhibitors of the 5-lipoxygenase pathway or leukotriene receptor
antagonists have also proven helpful in ameliorating the effects of
endotoxic/septic shock (Keppler et al., 1987; Tiegs and Wendel, 1987;
Nagai et al., 1989; Matuschak et al., 1990).
The thromboxanes

The thomboxanes are vasoactive eicosanoids that mediate many of the
vascular events associated with endotoxic and septic shock.
Thromboxane A; (TxA;) is a potent vasoconstrictor and causes platelet
aggregation. It has a very short plasma half-life (~30 seconds), and thus
the stable derivative, thromboxane B, (TxB,), is usually used an indicator
of TxA; in plasma. Thromboxanes reach peak plasma concentrations
rapidly after bolus iv injections of endotoxin (Ball et al., 1986). Inhibition of
thromboxane synthesis or pharmacological antagonism of TxA, increases
survival in animal models in which endotoxin is given as a bolus iv
injection.
The prostaglandins

The prostaglandins mediate a wide range of physiological functions.
They play important roles in the regulation of acid production by gastric

chief cells, the absorptive activities of the cells of the proximal renal
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tubules, induction of labor, and many other physiological processes. With
respect to this dissertation, prostaglandins produced by Kupffer cells in
response to exposure to endotoxin will be the focus.

Prostaglandins are produced by macrophages, including Kupffer cells,
after treatment with endotoxin. The metabolites that have been identified
are PGE,, PGE,, PGD,, PGF,,, PGl,, and 6-keto-PGF,, (the stable
metabolite of PGl,), (Bowers et al, 1985; Brouwer et al, 1988;
Casteleijn et al.,1988c; Okumura et al.,. 1987.)

Like prostaglandins in other organs of the body, the prostaglandins
produced by Kupffer cells have regulatory functions after exposure to
endotoxin. They regulate the production of the proinflammatory cytokines
(TNF, IL-1, IL-6) (Karck et al., 1988; Callery et al., 1990; Peters et al.,
1990; Grewe et al., 1994; Roland et al., 1994) and inducible nitric oxide
synthase (NOS) (Gaillard et al.,1991; Harbrecht et al., 1995), and cause
the release of glucose from hepatocytes (Casteleijn et al., 1988b).

The leukotrienes

The presence of LPS triggers the production of leukotrienes in vivo, and
the cysteinyl forms are eliminated in the bile (Hagmann et al., 1985).
Leukotrienes are highly chemotactic for neutrophils and are produced by
hepatic macrophages during sepsis (Doi et al., 1993). This presence of
leukotrienes causes the migration of neutrophils into the liver and the

associated liver injury. Rodriguez de Turco and Spitzer (1990) showed that
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the dominant arachidonic acid metabolites produced by these infiltrating
cells are leukotrienes. Additionally, there is an increase in 5-lipoxygenase
activity in the liver (Kawada et al., 1992).

The exact role of leukotrienes in endotoxin-induced liver injury is
somewhat controversial. Inhibitors of leukotriene synthesis or leukotriene
antagonists are protective in models of endotoxin-induced liver injury in
vivo involving presensitization with galactosamine (Tiegs and Wendel,
1988; Keppler et al., 1987; Matuschak et al, 1990) or with
Corynebacterium parvum (Nagai et al., 1989). However, in one in vivo
model in which only endotoxin was administered, inhibition of 5-
lipoxygenase with zileutin was not protective (Pearson et al., 1997).
These different results may indicate that the fundamental role of
leukotrienes is different in the respective models.

Free radicals
Reactive oxygen species

Cells of the myeloid lineage can generate reactive intermediates of
oxygen as a means of kiling invading bacteria. Molecular oxygen is
converted to the superoxide anion radical. The enzyme, superoxide
dismutase, then converts the superoxide anion to hydrogen peroxide, and
subsequently the hydroxyl radical is produced.

The production of superoxide anion and related free radicals has been

linked to liver injury in a number of models. Macrophages and neutrophils
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primed by previous exposure to endotoxin or other stimulants, such as
phorbol myristate acetate, produce much higher levels of oxygen-derived
free radicals than controls (Arthur et al, 1986; Arthur et al., 1988;
Shiratori et al., 1988; Aida and Pabst, 1990; Bautista et al., 1990; Mayer
and Spitzer, 1991). When the subsequent release of oxygen-derived free
radicals is blocked by allopurinol (Arthur et al., 1985) or superoxide
dismutase (Arthur et al, 1985; Shiratori et al, 1988), liver injury is
prevented.
Nitric Oxide

Nitric oxide (NO’) is a free radical that is produced by most cells of the
mammalian body. The physiological effects mediated by NO  are quite
varied and are dependent on the cell producing the radical and the local
environment. The enzyme that produces NO, nitric oxide synthase (NOS),
has two forms, constitutive and inducible. The constitutive form of the
enzyme is found in numerous cell types such as endothelial cells and
neurons. Macrophages have an inducible form of NOS which becomes
upregulated after exposure to LPS (Gaillard et al.,, 1991; Laskin et al,,
1994). In both instances, the NO  is derived from L-arginine in the
presence of nicotinamide adenine dinucleotide phosphate (NADPH) and
nitirc oxide synthase.

Macrophages use NO' as a cytotoxic molecule. It has been detected

during macrophage—indUced killing of a variety of targets, including tumor
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cells, Entamoeba histolytica, Leishmania major, and bacteria (Liew et al.,
1990a; Liew et al, 1990b; Lin and Chadee, 1992; Aono et al., 1994,
Fukumura et al., 1996; Saito et al., 1996; Sveinbjornsson et al., 1996;
Lavnialkova et al., 1997; MacMicking et al., 1997; Vouldoukis et al,
1997; Albina and Reichner, 1998). Inhibition of NO- synthesis prevented

cytotoxicity in the above models.

1. B. 4. Cellular Effects of LPS

1.B. 4. 1. LPS Binding Protein

The mammalian body has evolved a system by which LPS is
transferred from the general circulation to cells of the innate immune
system. Several proteins that can bind LPS are present in blood and
greatly enhance the movement of small amounts of circulating LPS to
monocytes, macrophages, and neutrophils. One of the most studied of
these proteins is LPS-binding protein.

LPS binding protein (LBP) is an acute phase protein synthesized by
hepatocytes (Ramadori et al.,1990). Trace amounts are normally found in

the bloodstream of healthy individuals (0.5ug/ml), and the concentration
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rises as high as 50 ug/ml 24 hours after the induction of an acute phase
response (Tobias et al., 1986, 1988). Structurally, LBP is a 60-kD
glycoprotein. It has sequence homology with bactericidal/permeability
increasing protein (BPI; 69% amino acid identity with human BPI) and
cholesterol ester transport protein (CETP; 23% amino acid identity)
(Schumann et al., 1990). This molecule has a high affinity site for binding
lipid A (Schumann et al, 1990) and can bind both rough and smooth
forms of LPS (Tobias et al., 1989). LBP serves as an opsonizing protein,
mediating the attachment of LPS-coated particles and intact Gram-
negative bacteria to macrophages (Schumann et al., 1990).

The combined presence of LBP and LPS significantly enhances the
production of TNF by rabbit peritoneal macrophages as compared to LPS
alone. Addition of LBP to peritoneal macrophages exposed to LPS
accelerates the expression of TNF (4.5 hours versus 8 hours) and
increases the stability of TNF mRNA (>5 hour versus 1 hour) (Heumann et
al., 1992; Mathison et al, 1992). Immunodepletion of LBP inhibits
production of TNF in whole blood and in preparations of monocytes,
indicating that this protein is a key element in the innate immune system

response to LPS (Schumann et al., 1990; Heumann et al., 1992).
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1.B.4.2. CD14

CD14 was first recognized as a marker for monocytes and
macrophages. Now investigators realize that this cell surface molecule is
the cellular receptor for complexes of LPS and LBP (Kirkland et al., 1989;
Wright et al, 1990). CD14 is a 55 kD glycoprotein attached to the cell
membrane by a phosphatidylinositol glycan anchor and is mobile in the
plane of the membrane (Haziot et al., 1988; Simmons et al., 1989). CD14
allows macrophages, monocytes and neutrophils to respond to very low
circulating concentrations of LPS:LBP complexes (Wright et al., 1990;
Haziot et al., 1993b). LPS alone is able to bind to the CD14 molecule;
however, this occurs at much higher concentrations of LPS than in the
presence of LBP (Hailman et al, 1994). Additionally, a soluble form of
CD14 (sCD14) is present in blood and acts as the equivalent of the
membrane-bound CD14 (mCD14) for cells which do not have mCD14 (e.g.
endothelial cells and astrocytes) (Bazil et al., 1989; Pugin et al., 1993;
Haziot et al., 1993a; Goldblum et al., 1994; Tobias et al.,1995; Jack et
al, 1995; Goldenbock et al., 1995). The soluble CD14 appears to
originate from CD14 molecules shed from the surface of circulating

monocytes (Bufler et al., 1995).
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1. B. 4. 3. Intracellular Mechanisms of Action

Many of the biological effects of LPS have been described above.
Here, the cellular basis of some of these effects will be discussed.

LPS induces rapid protein tyrosine phosphorylation (4-5 minutes) in
both murine peritoneal macrophages and RAW 264.7 cells, and this
phosphorylation results in the release of arachidonic acid metabolites
(Weinstein et al., 1991). Inhibition of protein tyrosine phosphorylation by
herbimycin A causes a dose-dependent decrease in the concentrations of
arachidonic acid metabolites produced by RAW 264.7 cells (Weinstein et
al, 1991). LPS also induces tyrosine phosphorylation of at least two
mitogen-activated protein (MAP) kinases (Weinstein et al., 1992). These
data correlate with another set of experiments in which mice are protected
from lethal endotoxemia by administration of tyrphostins, compounds that
inhibit protein tyrosine phosphorylation (Novogrodsky et al., 1994).

In recent years, experimental evidence indicates that LPS can activate
monocytes and macrophages via the sphingomyelin pathway. The lipid
sphingomyelin is concentrated in the outer leaflet of the plasma membrane
of mammalian cells (Kolesnick and Golde, 1994). Ceramide is the fatty
acid in an amide linkage at position two, and hydrolysis of the
phosphodiester bond by sphingomyelinase yields free ceramide and

phosphocholine (Kolesnick and Hermer, 1991). It is possible that free
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ceramide interacts with ceramide activated protein (CAP) kinase, a proline-
directed protein kinase which may phosphorylate p42 MAP kinase (Raines
et al, 1993; Joseph et al, 1993; Liu et al, 1994). In addition to
activating a portion of the MAP kinase system, ceramide may also induce

the degradation of inhibitory kB (IkB), the cellular inhibitor of nuclear factor-

kB (NF-xB), resulting in translocation of NF-xB to the nucleus (Yang et
al., 1993).

The overall structure of ceramide, the putative second messenger
molecule of this signal transduction pathway, and lipid A are similar. A
specific region of each molecule, the glycerol backbone, is essentially
identical and is required to evoke a response from cells (Joseph et al.,
1994). In HL-60 cells, lipid A is able to induce phosphorylation of CAP
kinase within 30 seconds of exposure. This result is similar to those
obtained with ceramide (Joseph et al, 1994). LPS and lipid A are not
believed to stimulate the production of ceramide from sphingomyelin but
are thought to mimic ceramide in the cell and thus activate the CAP
kinase-dependent pathway.

Ceramide is believed to participate in the cellular actions of the
proinflammatory cytokines, TNF and IL-1B. Both of these cytokines may
use the sphingomyelin pathway to exert their effects (Mathias et al., 1991;

Mathias et al., 1993). Investigators have shown that TNF can increase
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intracellular levels of ceramide and lead to translocation of NF-xB into the

nucleus (Yang et al., 1993).

1. B. 5. Summary

LPS is a powerful elicitor of host responses. This molecule can initiate
many biochemical pathways in mammalian hosts and some of these
pathways can lead to organ damage or death. Most of the hepatotoxic
effects associated with LPS are mediated indirectly through the innate
immune system, of which the Kupffer cells and neutrophils are critical
components. Due to the important role of macrophages in regulating the
host response to LPS and due to their status as the largest, single
population of macrophages in the mammalian body, Kupffer cells have a
major role in host responses to LPS exposure. A number of the
biochemical mediators of LPS-activated Kupffer cells have systemic effects
as well as local ones. The presence of these mediators in abnormal
amounts may increase the susceptibility of host organs to injury when an

exposure to a second toxicant occurs.
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1. C. LPS Potentiation of Xenobiotic Hepatoxicity

In recent years, numerous researchers have shown that LPS has
biological effects beyond those mentioned above. This bacterial
component is also able to modify the hepatotoxicity of other xenobiotic
agents in vivo. A wide variety of chemicals that work by different
mechanisms and affect different portions of the liver lobule have
synergistic effects with LPS (Table 1.1). Thus far, no common mechanism
has been discovered.

The source of the LPS which potentiates the liver injury may be
exogenous or endogenous in nature. The exact source is dependent on
the hepatotoxicant. The inhibition of endogenous LPS by polymyxin B
protects animals from the hepatotoxicity of alpha-naphthylisothiocyanate
(Calcamuggi et al, 1992) whereas exogenous LPS potentiates liver

injury in the case of halothane (Lind et al., 1994).

1. C. 1. Role of the Innate Immune System

The innate immune system appears to play a role in some models of
xenobiotic-induced hepatotoxicity. For example, researchers have found

that inactivation of Kupffer cells with GdClI; protects animals from the toxic
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effects of carbon tetrachloride (Edwards et al., 1993), ethanol (Adachi et
al., 1994), cadmium (Sauer et al., 1997), and allyl alcohol (Przybocki et
al., 1992).

Work by other researchers shows that Kupffer cells are protective in
xenobiotic-induced hepatotoxicity and that liver injury occurs after the
hepatic sinusoidal structure has been compromised. Both ethanol and allyl
alcohol cause enlargement of the fenestrae of the endothelial cells and
reduce the phagocytic capacity of the Kupffer cells (Nolan, 1975; te
Koppele et al., 1991). The compromised Kupffer cells are unable to clear
the endotoxin properly from the portal blood. Treatment of rats with D-
galactosamine reduces the clearance of endotoxin from the blood (Nakao
et al., 1994).

The state of activation of Kupffer cells and macrophages has a role in
how the host responds to many xenobiotics. Laboratory rodents treated
with stimulators of macrophage activity, such as retinol, are much more
sensitive to hepatotoxicants than controls. Retinoids are activators of
macrophages as measured by increased levels of chemiluminescence
(Guzman et al., 1991) and tumoricidal activity (Tachibana et al., 1984;
Moriguchi et al, 1985). The pretreatment of animals with retinoids
enhances or potentiates the hepatotoxicity of several compounds,
including carbon tetrachloride (EISisi et al., 1993a; EISisi et al., 1993b;

EISisi et al., 1993c), allyl alcohol, acetaminophen and D-galactosamine
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(Rosengren et al., 1995). Thus factors affecting macrophage function
can modify the ultimate amount of injury produced by a given xenobiotic
agent.

As described above, LPS is a potent activator of macrophages. Like
the retinoids, it can potentiate the hepatotoxicity of some of the same
xenobiotics, including carbon tetrachloride (Chamulitrat et al., 1994), D-
galactosamine (Galanos et al., 1979), and allyl alcohol (Sneed et al.,
1997).

The xenobiotic of interest for this dissertation is allyl alcohol. The
hepatotoxicity of this compound in rats is increased significantly when LPS
is used to stimulate the innate immune system. The following section is a

brief review of the chemistry and toxicology of allyl alcohol.

1. D. Allyl Alcohol

1. D. 1. Structure, Chemistry, and Metabolism

Allyl alcohol is a three-carbon, unsaturated compound belonging to the

chemical group known as the 2-alkenols. The nominative structural group,
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Table 1.1

Xenobiotics that interact with LPS to cause increased liver injury

XENOBIOTIC REFERENCE

Aflatoxin B1 Yee et al., 1998

Alpha-naphthylisothiocyanate | Calcamuggi et al., 1992

Carbon tetrachloride Chamulitrat et al., 1994
D-galactosamine Galanos et al., 1979
Halothane Lind et al., 1994
Ethanol Hansen et al., 1994
Monocrotaline Hill et al., 1998
Trichothecene T-2 toxin Tai and Pestka, 1988

The above compounds interact with LPS in vivo to produce more liver
injury than either one alone. These xenobiotics produce liver injury by a

variety of mechanisms and target different portions of the liver lobule.
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a carbon-carbon double bond adjoined to a single carbon bond, is at the
opposing end of the molecule relative to the hydroxyl group. This
compound is used in the manufacture of products such as fire retardants,
food flavorings, and plastics (Beauchamp, et. al., 1985). Allyl alcohol is a
well-known hepatotoxicant producing a characteristic periportal necrosis in
the livers of laboratory rats and mice. Due to the consistent zonal location
of the injury, allyl alcohol is often used in animal models of liver injury in
which a periportal pattern of liver injury is desired (Thorgeirsson et al,,
1976; Wilson and Hart, 1981; Belinsky et al., 1984a; Zieve et al., 1986).

This compound itself is relatively non-toxic. It must be metabolized in
the liver by alcohol dehydrogenase (ADH) to the 2-alkenal, acrolein, for
toxicity to occur  (Figure 1.3) (Serafini-Cessi, 1972; Reid, 1972;
Butterworth, et. al., 1978; Patel, et. al., 1980; Beauchamp, et. al., 1985).
Acrolein is considered to be the most reactive member of the 2-alkenals
and is, therefore, the most damaging to cellular structures. It readily binds
to compounds containing sulfhydryl groups such as proteins and
glutathione.

Humans risk exposure to allyl alcohol and/or acrolein by several means.
Workers in industries which use allyl alcohol are at risk as well as workers
who dispose of it (Beauchamp, et. al., 1985). Acrolein is a byproduct of
the metabolism of cyclophosphamide; thus, patients taking this drug for

cancer chemotherapy are at risk for acrolein toxicity. Acrolein is also
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produced during various combustion processes including cigarette
smoking, ore smelting, and burning of foods, gasoline, certain plastics, etc.
Most of the acrolein produced by combustion is likely sequestered in the
upper respiratory tract, but some is distributed into the blood stream
(Beauchamp, et. al., 1985).

As mentioned above, allyl alcohol must be biotransformed into its
respective aldehyde, acrolein, for hepatotoxicity to occur. This process
takes place in the cytosol of hepatic parenchymal cells and is catalyzed by
ADH. This reaction is Phase | and involves the oxidation of the hydroxyl
group in the presence of NAD" to a carbonyl group. In the cytosol,
acrolein is further oxidized into acrylic acid by aldehyde dehydrogenase
(ALDH) in the presence of NAD*. Metabolism may also occur in liver
microsomes, producing glycidol and glycerol. In the case of acrolein,
microsomal metabolism yields glycidaldehyde and glyceraldehyde
(Beauchamp, et. al., 1985).

It is accepted that acrolein is responsible for the hepatic lesions seen
after treatment with allyl alcohol. Inhibition of ADH activity by pyrazole or
one of its derivatives prevents the toxicity normally associated with allyl
alcohol intoxication, whereas inhibition of ALDH activity with cyanamide or
disulfram enhances the hepatotoxicity (Rikans and Moore, 1987;
Rikans,1987). In addition, the characteristic periportal lesions of allyl

alcohol can be produced by direct infusion of a small dose of acrolein into
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the portal vein (Butterworth et al, 1978). The lesions produced are
histopathologically similar to the ones produced in rats dosed orally with a
larger amount of allyl alcohol.

The precise mechanism of allyl alcohol-induced hepatotoxicity is
unknown. There is evidence supporting two hypotheses for the toxic
mechanism, and at some point these mechanisms may not be
independent. One hypothesis states that the binding of acrolein to
hepatocellular proteins and their subsequent inactivation leads to celiular
injury and death. The second hypothesis focuses on the role of lipid
peroxidation in acrolein hepatotoxicity.

Both gender and age are factors in how allyl alcohol manifests hepatic
toxicity. These differences in toxicity are due to the different levels of ADH
between male and female rats and between young and old male rats. As a
group, female rats are more susceptible to the hepatotoxicity of ally alcohol
due to their higher rate of metabolism of allyl alcohol into acrolein (Rikans
and Moore, 1987; Sasse and Maly, 1991).

Allyl alcohol is least hepatotoxic in young, male rats due to the lower
levels of ADH activity in their hepatocytes. The rate of oxidation of allyl
alcohol to acrolein increases with age and is fifty percent higher in old male
rats versus young male rats (Rikans and Moore, 1987). This difference in

toxicity is also present in hepatocytes isolated from young and old male rats



Figure 1.3. Structure and hepatic metabolism of allyl alcohol. Allyl alcohol
metabolism occurs primarily in the hepatic cytosol. The alcohol is first
oxidized into the toxic aldehyde, acrolein, by alcohol dehydrogenase
(ADH). Acrolein is further metabolized into the non-toxic acrylic acid by

aldehyde dehydrogenase (ALDH).
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Metabolic Pathway

CH2=CHCH,OH (allyl alcohol)
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? ADH
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NADH ?
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CH2,=CHCOOH (acrylic acid)
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(Rikans and Hornbrook, 1986). The rate of oxidation of acrolein to acrylic
acid is independent of age, indicating that the detoxification pathway is not

altered.

1.D. 2. Pathology

After exposure to a toxic dose of allyl alcohol (85 mg/kg po), pathologic
changes can be seen in rat hepatocytes and Kupffer cells as early as four
hours (Blyuger et al., 1974). Large phagosomes and autophagous
vacuoles are present at this time. By eight hours after allyl alcohol
administration, all organelles show signs of injury. Maximal liver damage
is seen between twenty-four and fifty-four hours, depending upon dose,
and resolution of injury occurs between forty-eight and seventy-two hours
(Zieve et al., 1986).

The mechanism behind the characteristic periportal distribution of
lesions in allyl alcohol intoxication is currently unknown. At one time
researchers thought that the activity of ADH was higher in periportal
regions relative to pericentral regions of the liver lobule, but this has not
proven to be the case (Penttila, 1988; Yamauchi et al., 1988; Sasse and

Maly, 1991). Another hypothesis is that allyl alcohol requires the higher
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oxygen tension that exists in the periportal region compared to the rest of
the liver lobule (Badr, et. al., 1986; Przybocki, et. al., 1992).

In recent years, the role of nonparenchymal cells in the hepatotoxicity of
allyl alcohol has been investigated. Kupffer cells have been implicated in
the toxic mechanism of allyl alcohol based on the observation that
gadolinium chloride (GdCl;) decreases the toxicity of allyl alcohol
(Przybocki et. al., 1992). The results from another laboratory, however,
contradicted the findings of Przybocki et al. (Ganey and Schultze, 1995).
In the periportal region of the liver lobule, Kupffer cells tend to be larger in
size, have larger lysosomes, and be more phagocytic than Kupffer cells in
other regions (Jones and Summerfield, 1988), thus these cells may be a

factor in the propensity for allyl alcohol to cause periportal liver necrosis.

1.D. 3. Mechanisms of toxicity

1. D. 3. 1. Binding to Protein Sulfhydryl Groups

Acrolein causes rapid depletion of hepatocellular levels of reduced
glutathione (GSH) without a concomitant increase in oxidized glutathione

(GSSG) (Ohno et al., 1985; Silva and O'Brien, 1989). This indicates that
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the reactive aldehyde is binding to GSH. Reactions between acrolein and
GSH may occur spontaneously, or they may be catalyzed by glutathione-
S-alkene-transferase (Kaye, 1973). The resulting adduct, found in the
urine of experimental animals after further metabolism, is 3-
hydroxypropylmercapturic acid (Kaye, 1973). Depletion of hepatocellular
GSH with diethylmaleate enhances the toxicity of acrolein, whereas the
presence of N-acetylcysteine or dithiothreitol has a protective effect (Ohno
et al, 1985; Jaeschke et al., 1987, Hormann et al, 1989; Silva and
O'Brien, 1989). Both of these experimental results provide strong
evidence for the role of GSH depletion in acrolein hepatotoxicity.

As mentioned above, acrolein is the toxic principle of allyl alcohol
hepatotoxicity. This reactive electrophile readily forms covalent bonds with
nucleophilic groups such as the sulfhydryl groups of cellular proteins,
resulting in their alkylation and inactivation. After depletion of cellular
GSH, acrolein proceeds to attack other sources of nucleophilic groups.
The loss of protein sulfhydryl groups begins 30 minutes after exposing
isolated, rat hepatocytes to allyl alcohol, coinciding with the depletion of
GSH (Rikans and Cai, 1994). Dogterom and colleagues (1989b) have
measured the decrease in protein sulfhydryl groups at one hour and have
found similar results. Treatment of hepatocyte cultures with the sulfhydryl-
rich compounds, cysteine, methionine, N-acetylcysteine, or dithiothreitol

prevents or reverses the cellular damage induced by allyl alcohol
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metabolism (Ohno et al., 1985; Dogterom et al., 1989b; Hormann et al.,
1989; Silva and O’Brien, 1989; Rikans and Cai, 1994). In summary,
depletion of reduced GSH by acrolein leaves hepatocytes susceptible to

the further toxic actions of the aldehyde.

1. D. 3. 2. Peroxidation of Lipid Membranes

Some investigators believe that peroxidation of lipid membranes is a
more important mechanism of allyl alcohol toxicity compared to depletion
of protein sulfhydryl groups. In this model of toxicity, peroxidation of lipid
membranes follows depletion of GSH by acrolein (Jaeschke et al., 1987;
Dogterom et al, 1988; Haenen et al, 1988; Miccadel et al., 1988;
Pompella et al., 1988; Dogterom et al., 1989b; Kyle et al, 1989;
Maellaro et al., 1990; Pompella et al., 1991). Low concentrations of
disulfiram have an antioxidant effect and prevent the peroxidation of lipid
membranes and resultant cell death (Kyle et al., 1989). The antioxidant
vitamins, ascorbic acid (vitamin C) and a-tocopherol (vitamin E), also
provide protection against allyl alcohol-induced hepatotoxicity (Maellaro et
al.,, 1990; Jaeschke et al, 1992; Maellaro et al., 1994). Depletion of
vitamin E makes mice more sensitive to allyl alcohol hepatotoxicity

whereas supplementation with vitamin E protects animals from lipid
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peroxidation (Dogterom et al., 1989b; Maellaro et al., 1990; Jaeschke et
al., 1992).

Results of studies examining the role of iron in allyl alcohol toxicity
support the hypothesis that lipid peroxidation is important. For example,
the presence of iron enhanced the toxicity of allyl alcohol in mice
(Jaeschke et al., 1992), and this may have been due to the Fenton
reaction in which hydroxyl radicals were generated in the presence of ferric
iron. In a series of experiments using male mice, Jaeschke et al.,. (1992)
demonstrated that a subtoxic dose of ferrous sulfate (0.36mMol/kg)
potentiates the lipid peroxidation produced by a subtoxic dose of allyl
alcohol (0.6mMol/kg). Chelation of iron with desferrioxamine protected
mice from the lipid peroxidation produced by allyl alcohol intoxication
(Jaeschke et al, 1987). Desferrioxamine also protected cultured
hepatocytes and erythrocytes from the lipid peroxidation produced by
exposure to allyl alcohol (Miccadei et al., 1988; Ferrali et al., 1989).

Several research groups investigated the role of calcium in the toxic
mechanism. In isolated, perfused livers, the concentrations of
malondialdehyde, a measure of lipid peroxidation, caused by exposure to
allyl alcohol was not influenced by the levels of extracellular calcium
(Strubelt et al., 1986). Toxicity, measured by release of alanine amino
transferase (ALT), was also reflected by increased calcium concentration.

Increased levels of extracellular calcium (5 mMol/L) alone caused a mild
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release of hepatic transaminase and sorbitol dehydrogenase into the
medium compared to controls; however, there was no significant difference
in enzyme release between groups of isolated, perfused livers in the
presence of both allyl alcohol and calcium as compared to the presence of
allyl alcohol alone. Extracellular calcium did have a protective effect in
isolated, rat hepatocytes exposed to allyl alcohol (Dogterom et al., 1989a;
Dogterom and Mulder, 1993). In this case, the hypothesis was that excess
calcium prevents the loss of vitamin E and thus acts indirectly to prevent

lipid peroxidation (Dogterom and Mulder, 1993).

1.D. 4. Summary

Experimental evidence exists to support both current mechanisms in
the hepatotoxicity of allyl alcohol. Depletion of protein sulfhydryl groups
and peroxidation of lipid membranes have been detected in hepatocytes
treated with allyl alcohol (Dogterom et al., 1989b; Hormann et al., 1989;
Pompella et al., 1991). The primary controversy is over the relative

contribution of each mechanism.
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1. E. Conclusions

The innate immune system is a powerful defense against bacterial
invasion and exerts global effects on the host. These effects are normally
beneficial but may become detrimental under certain circumstances. LPS,
a potent activator of the innate immune system, can make a mammalian
host more sensitive to xenobiotic toxicants and thus result in enhancing the
toxicity of those xenobiotics. In the following chapters, results are
presented of experimental designs to test this possibility for one
hepatotoxicant, allyl alcohol. The hypothesis tested is that LPS stimulation

of the innate immune system enhances the hepatotoxicity of allyl alcohol.

53



Chapter 2

CHARACTERIZATION OF LPS-INDUCED ENHANCEMENT OF ALLYL
ALCOHOL HEPATOTOXICITY



2. A. Abstract

Lipopolysaccharide (LPS), or bacterial endotoxin, causes liver damage at
relatively large doses in rats. Smaller doses, however, may influence the
response to other hepatotoxicants. The purpose of these studies was to
examine the effect of exposure to relatively small doses of LPS on the
hepatotoxic response to allyl alcohol, which causes periportal necrosis in
laboratory rodents through an unknown mechanism. Rats were pretreated
with LPS (100 ug/kg) 2 hours before treatment with a minimally toxic dose
of allyl alcohol (30 mg/kg), and liver toxicity was assessed 18 hours later
from activities of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) in plasma and from histologic changes in liver
sections. Plasma ALT and AST activities were not elevated significantly in
rats treated with vehicle, LPS, or allyl alcohol alone, but pronounced
increases were observed in rats treated with LPS and allyl alcohol.
Significant liver injury occurred as early as two hours after allyl alcohol
treatment in LPS-pretreated rats and peaked at 6 hours. LPS treatment
did not affect the activity of alcohol dehydrogenase and did not affect the
rate of production of NADH in isolated livers perfused with allyl alcohol;
thus, LPS does not appear to increase the metabolic bioactivation of allyl

alcohol to acrolein. On the other hand, pretreatment with 4-
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methylpyrazole, an inhibitor of alcohol dehydrogenase, abolished the
hepatotoxicity of allyl alcohol in LPS-treated rats, indicating that production

of acrolein was needed for LPS enhancement of the toxicity of allyl alcohol.

2. B. Introduction

LPS, a component of gram-negative bacteria, elicits powerful
responses in mammalian hosts. These responses can range from mild
fever through cachexia to organ failure and death. The presence of LPS
activates a cascade of biochemical events which ideally ready the body for
defense against bacterial invaders but may also make the body more
susceptible to injury.

At large doses, LPS itself causes overt liver damage (Hirata et al,
1980; Shibayama, 1987; Jaeschke et al., 1991; Hewett et al., 1992;
Wang et al., 1995). However, administration of small doses of LPS
potentiates liver injury in response to a variety of chemicals (e.g.
galactosamine and ethyl alcohol) (Galanos et al., 1979; Bhagwandeen et
al., 1987; Hansen et al., 1994). In addition, it has been proposed that
exposure to endogenous LPS due to increased movement across a
compromised intestinal mucosa contributes to hepatotoxicity produced by

some agents, for example, carbon tetrachloride and alpha-
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naphthylisothiocyanate (Calcamuggi et al., 1992; Czaja et al., 1994).
The following study was undertaken to explore the effect of small doses of

LPS on the hepatotoxicity of allyl alcohol.

2. C. Materials and Methods

2. C. 1. Materials

Lipopolysaccharide (Escherichia coli, serotype 0128:B12, specific
activity 24 x 10’ endotoxin units/mg), 4-methylpyrazole chloride, and
Sigma Diagnostics Kits No. 59 UV and No. 58 UV for determination of
activities of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) respectively, were purchased from Sigma
Chemical Company (St. Louis, MO). Allyl alcohol was purchased from
Aldrich Chemical Company (St. Louis, MO). Sterile saline was obtained
from Abbott Labs (Abbott Park, IL). Histochoice fixative for the
preservation of liver tissue was purchased from Amresco (Solon, OH).
Protein concentration in the supernatant was determined using the

bicinchoninic acid (BCA) assay kit purchased from Pierce (Rockford, IL).
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2. C. 2. Animals

Male, Sprague-Dawley rats [CD-Crl:CD-(SD)BR VAF/Plus]; Charles
River, Portage, Ml) weighing 200-300 gm were used in these studies. The
animals were allowed food (Rodent Chow, Teklad, Madison, WI) and water
ad libitum. They were maintained on a 12-hour light and dark cycle under

conditions of controlled temperature and humidity.

2. C. 3. Treatment Protocol

Rats were treated intravenously with LPS in doses of 0.01, 0.1, 0.5, 1,
5, 10, 50 and 100 ug/kg as indicated in the figure and table legends or with
an equivalent volume of sterile saline vehicle. Two hours after the
administration of LPS, allyl alcohol diluted in sterile saline or an equivalent
volume of sterile saline was injected intraperitoneally in doses of 10, 20, or
30 mg/kg as indicated in the figure and table legends. Liver injury was
assessed at 2, 4, 6, 12, 18, or 24 hours after administration of allyl alcohol.

In studies examining the effects of inhibition of the activity of alcohol
dehydrogenase (ADH), animals were treated with a competitive inhibitor of
ADH, 4-methylpyrazole chloride (4-MP) (77 mg/kg, ip), 15 minutes before

exposure to allyl alcohol. This treatment regimen effectively inhibits ADH
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activity (Rikans and Moore, 1987). The experimental protocol was a 2 x 2
x 2 design in which the factors were treatment with LPS or vehicle, with 4-

MP or vehicle, and with allyl alcohol or vehicle.

2. C. 4. Assessment of Hepatotoxicity

Rats were anesthetized with sodium pentobarbital (50 mg/kg ip), and
blood was collected from the abdominal aorta into syringes containing
3.8% sodium citrate (final concentration 0.38%). Activities of ALT and AST
were determined in plasma. The liver was removed intact. Samples taken
for microscopic examination were preserved in Histochoice fixative
(Amresco, Solon, OH). Tissue sections were processed for light
microscopy, cut into sections 6 microns thick, stained with hematoxylin and
eosin and evaluated for lesion severity. Tissue sections were graded
without knowledge of treatment group according to the scale outlined in

Table 2.1.
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2. C. 5. Determination of Factors Influencing the Metabolism of Allyl

Alcohol

Rats were treated with LPS (100 ug/kg, iv) or saline vehicle and killed
two hours later. The liver was removed and homogenized in a solution of
0.05 M HEPES (pH 8.4) and 0.33 mM dithiothreitol. The homogenate was
centrifuged at 100,000 x g for 45 minutes. The supernatant fluid was
collected, and activity of ADH was measured spectrophotometrically (366
nm) by monitoring the reduction of nicotinamide dinucleotide (NAD") using
ethanol as a substrate (Krebs et al.,, 1969). Protein concentration in the
supernatant was determined using the BCA assay Kkit.

The rate of conversion of allyl alcohol into acrolein was determined
indirectly in isolated, perfused rat livers by monitoring reduction of NAD"
upon infusion of allyl alcohol (Belinsky et al., 1984a). Rats were treated
with LPS (100 ng/kg) or saline vehicle. Two hours later, the livers were
removed and perfused in a nonrecirculating system with Krebs-Henseleit
buffer (pH 7.4, 37° C, 95% 0,/5% CO,). The tip of a light guide was
positioned close to the surface of the liver to monitor continuously the
fluorescence of NADH. The opposite end of the light guide was bifurcated,
with one end attached to a light source (mercury arc lamp) and the other to
a photomultiplier. Excitation and emission wavelengths were 366 nm and

450 nm, respectively. After stabilization of surface fluorescence
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(approximately 10 minutes), allyl alcohol (100 uM) was infused into the
liver, and the increase in fluorescence was recorded as a percent of

baseline.

2. C. 6. Determination of Hepatic Concentrations of GSH and GSSG

The concentrations of reduced (GSH) and oxidized (GSSG) glutathione
in the liver were determined using high performance liquid chromatography
(HPLC) (Fariss and Reed, 1987; Jean et al., 1995). Liver samples were
quick frozen in liquid nitrogen to prevent oxidation of GSH. Frozen livers
were weighed and then homogenized in 4 ml 10% perchloric acid (J. T.
Baker, Phillipsburg, NJ) containing 1 mM bathophenathroline disulfonic
acid (Aldrich Chemical Company, St. Louis, MO) using a Polytron
homogenizer (Brinkman Instruments, Westbury, NY). The homogenate
was spun in a centrifuge at 400 x g for 10 minutes. The supernatant fluid
was collected, and 0.3 ml was mixed with 50 ul of iodoacetic acid (20
mg/ml) (Sigma Chemical Company, St. Louis, MO) in 0.2 mM of m-cresol
purple and 0.2 ml of 0.5 mM gamma-glutamylglutamate (internal standard)
(Sigma Chemical Company). This was followed by the addition of 0.4 ml of
2M KOH/2.4M KHCO;. After 45 minutes, 0.5 ml of 1-fluoro-2,4-

dinitrobenzene (Sigma Chemical Company, St. Louis, MO) (1% in absolute
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ethanol) was added, and the samples were stored in the dark at room
temperature for 18 to 24 hours prior to analysis.

The HPLC system consisted of two Waters HPLC 510 pumps, a 717
WISP autosampler, and a Waters 486 variable wavelength detector.
Millennium 2010 Chromatography Manager software (Millipore
Corporation, Milford, MA) was used to control instrument operation and
peak integration. Samples were diluted with 0.8 mM acetic acid in 80%
methanol. Fifty microliters of this solution were injected onto a 3-
aminopropyl column in the presence of 80% methanol. The sample was
eluted from the column with 0.8 M sodium acetate in 80% methanol. The
amounts of GSH and GSSG were calculated from the area under the UV

absorption curves and expressed as mM per gram of liver.

2. C. 7. Statistical Analysis

Data are expressed as means + S.E.M. For all results presented, N
represents the number of individual animals. Homogeneous data were
analyzed by one-way or two-way analysis of variance (ANOVA). Individual
means were compared using Tukey's omega test. When variances were
not homogeneous, data were analyzed using the Mann-Whitney U test for

comparison of two groups and Kruskal-Wallis ANOVA on ranks for more
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than two groups. In the latter case, Dunn's test was used to assess

significance. The criterion for statistical significance was p < 0.05.

2. D. Results

2.D. 1. Effect of LPS Pretreatment on Allyl Alcohol-Induced Hepatotoxicity

ALT activity was low in the plasma 18 hrs after treatment of rats with
vehicle, LPS, or allyl alcohol (Figure 2.1.A). Those animals cotreated with
LPS and allyl alcohol had pronounced elevation of plasma ALT activity.
Similar results were observed for plasma AST activity: only cotreatment
with LPS and allyl alcohol caused a significant increase in this marker of
liver injury (Figure 2.1.B).

Histologically, livers from animals treated with vehicle had normal
lobular architecture and no necrosis. Livers from animals treated only with
allyl alcohol showed a range of responses including no visible damage,
lesions confined to periportal regions, and ocassionallyl more severe and
extensive lesions. The lesions typically consisted of a necrotizing,
coagulative hepatitis with hemorrhage. In some livers from cotreated

animals, necrosis originated as a periportal lesion and coalesced to a
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panlobular distribution (Table 2.1). Inflammatory infiltrates, including
neutrophils, macrophages, and a few small lymphocytes, were present
within areas of necrosis and sinusoids. Periportal edema and triaditis were
commonly observed. Bile ducts were largely unaffected. Although lesions
in livers of animals cotreated with LPS and allyl alcohol were qualitatively
similar to those seen in rats which received allyl alcohol alone, lesions
were more numerous and involved a greater area of the liver.

Liver damage developed early in animals cotreated with LPS and allyl
alcohol (Figure 2.2). In these rats, plasma ALT activity was significantly
elevated two hours after allyl alcohol treatment. The rise in plasma ALT
activity was maximal six hours after allyl alcohol treatment. There was no
significant increase in plasma ALT activity in animals treated with vehicle,
LPS, or allyl alcohol alone.

To examine the effects of LPS dosage on the enhancement of allyl
alcohol hepatotoxicity, LPS was administered at nonlethal doses ranging
from 0.01 pg/kg to 100 ug/kg (Figure 2.3.A). ALT activity was significantly
increased in the plasma of allyl alcohol-treated rats pretreated with doses
of LPS >0.01 pg/kg. Histological analysis of livers revealed prominent
Kupffer cells in sinusoids of rats treated with doses of LPS >5 pg/kg and
edema and mild neutrophilic infiltration at doses of 10-50 ug/kg LPS. A

limited number of animals was pretreated with 500 pug/kg LPS
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Figure 2.1. LPS enhancement of the hepatotoxicity of allyl alcohol. Animals
were treated with LPS (100 ng/kg iv) or vehicle two hours before
administration of allyl alcohol (30 mg/kg ip) or vehicle. ALT (A) and AST
(B) activities in plasma were measured as markers of liver toxicity 18 hrs
after treatment with allyl alcohol. Data are expressed as mean + S.E.M. a,
significantly different from respective value in the absence of allyl alcohol.
b, significantly different from respective value in the absence of LPS. N =5

-13.
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Pathological changes in the livers of rats

Table 2.1

TREATMENT | HEPATOCYTIC | PERIPORTAL HEPATIC SINUSOIDAL
NECROSIS EDEMA PARENCHYMAL | INFLAMMATORY
INFLAMMATORY INFILTRATE
INFILTRATE
Sal/Sal 0+0 0+0 0+0 0+0
LPS/Sal 0.1 +0.09 0.3+0.2 0.1 +0.09 0.1 +0.09
Sal/AA 1.2+0.3 1.2+0.3 1.2+0.3 1.2+0.3
LPS/AA 29+0.3 2 + 0 2.2ﬂ+_ 0.1 2+0
Rats were treated as described in Materials and Methods. Liver
sections were taken, fixed, and lesions were evaluated. Microscopic

lesions were assigned a grade using the following scale: 0, no lesions; 1,

mild; 2, moderate; 3, marked; 4, severe. See text for detailed description

of lesions.

N =

67

4 for Sal/Sal group; 9-10 for all other groups.




Figure 2.2. Time course of development of LPS-enhanced allyl alcohol
hepatotoxicity. Animals were treated as described in the legend to Figure
1, and plasma ALT activity was measured at the indicated times. a,
significantly different from respective value in the absence of allyl alcohol.
b, significantly different from respective value in the absence of LPS. N =

5-14.
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Figure 2.3. Dose-response relations for plasma ALT activity after treatment
with LPS and/or allyl alcohol. A) Animals were treated with the indicated
doses of LPS and with either 30 mg/kg of allyl alcohol or vehicle. B)
Animals were treated with the indicated doses of allyl alcohol and with
either 100 ng/kg of LPS or vehicle. Plasma ALT activity was measured
eighteen hours after allyl alcohol administration. Data are expressed as
mean + S.E.M. a, significantly different from respective value in the
absence of allyl alcohol. b, significantly different from respective value in

the absence of LPS. N = 3-14.
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prior to administration of allyl alcohol: most (> 75%) rats in that group died
within 18 hrs.

The dose-response relationship for allyl alcohol is shown in Figure
2.3.B. In the absence of LPS, no significant increase in plasma ALT
activity was seen at doses of allyl alcohol ranging from 0-30 mg/kg. LPS
(100 ng/kg) cotreatment increased plasma ALT activity at doses of 20 and
30 mg/kg allyl alcohol. Significant mortality occurred at allyl alcohol doses

greater than 30 mg/kg.

2. D. 2. Role of Metabolism of Allyl Alcohol

ALT activity was low in plasma of rats treated only with saline or LPS
and was not affected by administration of the ADH inhibitor, 4-MP (Figure
2.4). In allyl alcohol-treated rats pretreated with LPS, ALT activity in
plasma was markedly increased. This increase was abolished in rats
pretreated with 4-MP. ALT activity in rats treated with allyl alcohol only
was also decreased by pretreatment with 4-MP.

Allyl alcohol requires bioactivation by ADH to acrolein, a reactive
aldehyde that binds rapidly to glutathione and other sulfhydryl-containing
molecules (Beauchamp, et al., 1985; Serafini-Cessi, 1971; Reid, 1972;

Butterworth et al., 1978; Patel et al, 1980; Ohno et al, 1985). Allyl
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alcohol is metabolized rapidly after administration in vivo as evidenced by
a dramatic decrease in hepatic reduced glutathione within 12-20 minutes
(Penttila, 1987; Pompella et al., 1988). Accordingly, the activity of ADH
in liver cytosolic fractions was examined 2 hours after administration of
LPS, the time at which allyl alcohol was given in experiments described
above. ADH activity in livers from LPS-treated rats was not significantly
different from activity in cytosolic fractions from control rats (Table 2.2).
Perfusion of isolated livers with allyl alcohol caused an increase in
fluorescence of NADH. This was used as an indirect measure of oxidation
of allyl alcohol to acrolein (allyl alcohol + NAD" yielded acrolein and
NADH). LPS pretreatment did not affect the increase in fluorescence of

NADH upon perfusion of allyl alcohol into isolated livers.

2. D. 3. Effect of LPS Treatment on Hepatocellular Concentrations of GSH

and GSSG

To assess GSH status in the liver prior to administration of allyl alcohol,
the concentrations of both GSH and GSSG were determined 1.5 hr after
administration of LPS or saline vehicle. The concentration of GSH was not

different in livers of LPS-treated and control rats (Table 2.3). Similarly,
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administration of LPS to rats did not affect the concentration of GSSG in

the liver.

2. E. Discussion

Pretreatment of rats with a nontoxic dose of LPS (100 ug/kg)
significantly increased liver damage, as measured by both biochemical
assays and pathological examination in rats exposed to allyl alcohol. A
significant increase in plasma ALT activity was detected as early as two
hours after allyl alcohol treatment. This biochemical marker of liver
damage continued to increase through 6 hrs and then declined, indicating
that injury occurred within the first 6 hrs after administration of allyl alcohol.
The decrease in ALT activity after 6 hrs may be due to clearance of this
enzyme from the circulating blood. In contrast to the situation in LPS-
pretreated rats, plasma ALT activity in rats treated only with allyl alcohol
did not increase significantly over a 24 hour period.

The results of histological evaluation were consistent with changes in
aminotransferase activities. Based on the histopathologic lesions, it

appears that LPS enhanced the toxic effects of allyl alcohol, rather than
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Figure 2.4. Protection from LPS-induced enhancement of allyl alcohol
hepatotoxicity by 4-methylpyrazole. Animals were treated with 4-MP (77
mg/kg ip) 15 minutes before administration of allyl alcohol. The remainder
of the experimental protocol was the same as in Figure 1 except that
animals were killed 6 hours after allyl alcohol administration. Data are
expressed as mean + S.E.M. a, significantly different from respective
value in the absence of allyl alcohol. b, significantly different from
respective value in the absence of LPS. c, significantly different from

respective value in the absence of 4-MP. N =4-8.
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Table 2.2

Factors influencing or reflecting the metabolism of allyl alcohol

Treatment® Alcohol Dehydrogenase® Fluorescence®
(mM/min/gm of liver) (% increase from
baseline)
Saline 0.19 + 0.01 13.5+ 7.3
LPS 0.24 + 0.05 145+ 3.5

A, Rats were treated with LPS (100 pg/kg) or saline two hours prior to
measurements. B, Activity of alcohol dehydrogenase was measured in
cytosolic fractions prepared from liver (N = 6). C, Livers were isolated and
perfused in a nonrecirculating system. Fluorescence of NADH from the
surface of the liver was monitored using a light guide (366 nm excitation,
450 nm emission). Increase in fluorescence during perfusion with allyl
alcohol (100 uM) was expressed as a percentage of baseline fluorescence
(n = 3). Statistically significant differences between the saline and LPS

exposure groups were not seen for either parameter.
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Table 2.3

Comparison of hepatocellular levels of reduced and oxidized glutathione in

rats pretreated with saline

Treatment GSH GSSG
uM/g liver uM/g liver
Sal 6.6 +0.2 0.42 + 0.02
LPS 57+0.5 0.48 + 0.09

Female, Sprague-Dawley rats received saline 24 hours before receiving
either LPS (4 mg/kg) or saline. Animals were killed 1.5 hours after LPS or
saline exposure, and liver GSH and GSSG concentrations were
determined as described in Materials and Methods. N = 4-7. No

significant differences were observed.
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allyl alcohol increasing LPS-induced liver damage. Hepatic lesions caused
by administration of LPS at doses larger than those used in these studies
are confined to midzonal areas of the lobule and have as a prominent
feature neutrophils in those areas (Jaeschke et al., 1991; Hewett et al,
1992; Pearson et al, 1995). On the other hand, injury caused by
exposure to allyl alcohol alone at doses larger than those used in these
studies produces predominantly periportal hepatic lesions (Thorgeirsson
et al., 1976; Gumucio et al., 1978). The lesions observed in livers of rats
cotreated with small doses of LPS and allyl alcohol in these studies were
predominantly periportal, suggesting a histological picture more like allyl
alcohol than LPS. The inflammatory infiltrate was moderate and may either
be a response to LPS or to hepatic injury.

Intravenous doses of LPS exceeding 1 mg/kg are required to produce
liver injury in Sprague-Dawley rats (Hewett et al., 1992). Doses of LPS 4
orders of magnitude smaller than this significantly potentiated the
hepatotoxicity of allyl alcohol. This effect of LPS to enhance the
hepatotoxicity of allyl alcohol does not appear to be the result of increased
production of acrolein, the reactive metabolite of allyl alcohol. There was
no significant difference between the activities of ADH in liver cytosolic
fractions from LPS- and vehicle-treated rats. Moreover, LPS did not affect
the rate of conversion of allyl alcohol into acrolein in isolated, perfused

livers. As with hepatotoxicity caused by allyl alcohol alone, bioactivation to
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acrolein was necessary for LPS-induced potentiation of injury: inhibition of
acrolein production with 4-MP prevented toxicity in cotreated rats.

Acrolein readily forms adducts with GSH, causing a loss of
hepatocellular GSH without a concomitant increase in GSSG (Silva and
O’Brien, 1989; Dogterom et al., 1989b; Rikans et al., 1994). This loss
occurs very rapidly, e.g., within 20 minutes after administration of allyl
alcohol (Penttilda et al., 1987; Pompella et al, 1988). GSH serves a
protective role against allyl alcohol toxicity, and agents which diminish
hepatocellular GSH increase toxicity of allyl alcohol (Maellaro et al.,
1990). The possibility existed that LPS augmented the response to allyl
alcohol by diminishing the availability of hepatocellular GSH; however, this
does not appear to be the case because LPS pretreatment did not affect
the hepatic concentrations of either GSH or GSSG.

LPS has been shown to potentiate the hepatotoxicity of other
compounds in experimental animals. Administration of exogenous LPS at
doses similar to those used in this study (i.e., > 0.05 mg/kg) increases the
hepatotoxicity of carbon tetrachloride (Chamulitrat et al, 1994),
galactosamine (Galanos et al., 1979), and halothane (Lind et al., 1984).
Endogenous LPS has been associated with the hepatotoxicity of
galactosamine and alpha-naphthylisothiocyanate (Calcamuggi et al.,
1992; Czaja et al, 1994). For example, Czaja and coworkers (1994)

prevented galactosamine-induced hepatotoxicity by administration of an

80



antibody to LPS. The mechanism by which LPS enhances hepatotoxicity
of these xenobiotics is unknown.

In summary, LPS is able to potentiate the hepatotoxicity of allyl alcohol
and is able to do so at remarkably small doses. Allyl alcohol must be
converted into the reactive metabolite acrolein for the potentiation to occur.
LPS does not affect the hepatic metabolism of allyl alcohol into acrolein
nor does it affect the protective mechanism for removal of acrolein. At
present, the mechanism by which LPS can enhance the potentiation of
allyl alcohol hepatotoxicity is unknown. In the following chapter, we will

discuss the role of the innate immune system in this model of liver injury.
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Chapter 3

THE ROLE OF CELLS OF THE INNATE IMMUNE SYSTEM IN LPS-
INDUCED ENHANCEMENT OF ALLYL ALCOHOL HEPATOXICITY
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3. A. Abstract

We have shown previously that small doses of LPS are able to enhance
the hepatotoxicity of allyl alcohol in rats. Due to the important role of cells
of the innate immune system (i.e. Kupffer cells and neutrophils) in
mediating the hepatotoxicity of large doses of LPS, we examined the role
of these cell populations in the model of low dose LPS enhancement of the
hepatotoxicity of allyl alcohol. Male, Sprague-Dawley rats were treated
with gadolinum chloride (GdCl3) (10 mg/kg, iv) or saline vehicle 22 hours
prior to treatment with LPS (100 ng/kg, iv) or saline vehicle followed by allyl
alcohol (30 mg/kg, ip) or saline vehicle. Gadolinium chloride inactivates
Kupffer cells. The inactivation of Kupffer cell function provided the rats
significant protection from the ability of LPS to potentiate the hepatotoxicity
of allyl alcohol as measured by both ALT activity and histopathological
examination. In a separate series of experiments, circulating neutrophils
were eliminated with a polyclonal anti-neutrophil 1Ig (1 ml/dose)
administered 16 and 4 hours prior to treatment with LPS. The rats
received LPS and allyl alcohol as described above. Removal of
neutrophils from the model also significantly protected animals from LPS-
enhanced allyl alcohol hepatotoxicity. These data suggest that both

Kupffer cell-dependent and neutrophil-dependent mechanisms are
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involved in this model and that each of these cell populations has a distinct
contribution to the ability of LPS to potentiate the hepatotoxicity of allyl

alcohol.

3. B. Introduction

LPS, a component of the outer leaflet of the cell membrane of Gram-
negative bacteria, is a powerful stimulant for the innate immune system. It
elicits a number of biochemical events such as the release of proteases,
free radicals, eicosanoids, cytokines, etc., which are ideally present to
protect the host from bacterial infection but may actually cause tissue
damage to the host. LPS may also be involved in another source of
damage to a host mammal: acting synergistically with a xenobiotic to
produce more damage to the host than either toxicant alone. In Chapter 2,
results of experiments in which a nontoxic dose of LPS enhanced liver
damage from a subtoxic dose of allyl alcohol were presented. In this
chapter, the role of two important cell types of the innate immune system,
Kupffer cells and neutrophils will be examined. The hypothesis to be
addressed is as follows: removal of functional populations of either Kupffer
cells or neutrophils protects rats from the synergistic effects of LPS and

allyl alcohol.



3. C. Materials and Methods

3. C. 1. Materials

Lipopolysaccharide (Escherichia coli, serotype 0128:B12, specific
activity 12 x 107 endotoxin units/mg for Kupffer cell inactivation studies and
7 x 107 endotoxin units/mg for neutrophil depletion studies) and Sigma
Diagnostics Kits No. 59 UV and No. 58 UV for determination of activities of
alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
respectively, were purchased from Sigma Chemical Company (St. Louis,
MO). Allyl alcohol and GdCl; were purchased from Aldrich Chemical
Company (St. Louis, MO). Sterile saline was obtained from Abbott Labs
(Abbott Park, IL). The Vectastain ABC-AP and Vector Red kits used for
the immunohistochemical staining of neutrophils were purchased from

Vector Laboratories (Burlingame, CA).

3. C. 2. Production of Anti-Neutrophil Ig

The immunoglobulin G fraction of rabbit blood serum, both anti-

neutrophil and control, was produced in our laboratory using New Zealand
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White and nonpedigreed rabbits respectively (Hewett et al., 1992).
Glycogen-elicited, peritoneal neutrophils were obtained from Sprague-
Dawley rats. These were washed and homogenized using a Dounce
homogenizer. For initial injections, the neutrophil homogenate was mixed
(1:1) with Freund’s complete adjuvant. Rabbits were tranquilized with
acepromazine and restrained. The skin on the back of the neck area was
disinfected, and the neutrophil/adjuvant solution (0.1 ml) was injected
subcutaneously into six areas on either side of the spine. The initial
injection was followed by boost injections every two weeks. The boost
injections were identical to the initial injection except that Freund's
incomplete adjuvant was used in place of Freund’'s complete adjuvant.
Blood was collected from rabbits (ear artery) on weeks in which the
animals did not receive boost injections. Blood was also collected from
naive rabbits for production of control Ig.

The blood was allowed to clot at room temperature for collection of
serum. The Ig fraction of the serum was prepared by ammonium sulfate
precipitation followed by extensive dialysis to remove excess ammonium
sulfate. = The neutrophil-depleting activity of the IgG fraction was
determined by peripheral white cell counts of blood smears from rats given
various doses of IgG. The dose of 1 mi/rat resulted in 97% reduction in the

absolute numbers of circulating neutrophils compared to controls.
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3.C. 3. Animals

Male, Sprague-Dawley rats [CD-Crl:CD-(SD)BR VAF/Plus]; Charles
River, Portage, MI) weighing 200-300 g were used in all studies except for
the determination of GSH levels. Female, Sprague-Dawley rats were used
for those experiments. The animals were allowed food (Rodent Chow,
Teklad, Madison, WI) and water ad libitum. They were maintained on a
12-hour light and dark cycle under conditions of controlled temperature

and humidity.

3. C. 4 Treatment Protocols

3. C. 4. 1. Inactivation of Kupffer Cells

In experiments to examine the role of Kupffer cells, animals were
pretreated with GdCl; (10 mg/kg iv) or vehicle 22 hours before
administration of LPS or its vehicle. Animals were given 100 ug/kg iv of
LPS or an equivalent volume of saline vehicle 2 hours before treatment
with allyl alcohol (30 mg/kg ip). The experimental protocol was a 2 x 2 x 2

design. Treatment of rats with GdCl; using this dosing regimen resulted in
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inhibition of Kupffer cell phagocytic activity as assessed by clearance of
colloidal carbon from blood (Husztik et al., 1980; Roland et al., 1993;
Ganey and Schultze, 1995). Animals were killed 18 hours after treatment

with allyl alcohol or its saline vehicle.

3. C. 4. 2. Depletion of Circulating Neutrophils

Rats received anti-neutrophil Ig (1 ml/dose) 16 and 4 hours before
injection with LPS. Animals were given 100 pg/kg iv of LPS or an
equivalent volume of saline vehicle 2 hours before treatment with allyl
alcohol (30 mg/kg ip). The experimental protocol was a 2 x 2 x 2 design.
Animals were killed 6 hours after treatment with allyl alcohol or saline
control. The extent of neutrophil depletion was determined by differential

counts of stained, peripheral blood smears.

3. C. 5. Immunohistochemical Staining of Neutrophils in Liver Sections

In order to determine the effect of the anti-neutrophil Ig on the

accumulation of neutrophils into the liver, the liver was removed intact.
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Samples taken for microscopic examination were preserved in ten percent
buffered formalin. Tissue sections (6 microns thick) were fixed to glass
slides and deparaffinized using a reverse xylene gradient to properly
hydrate the tissue. The deparaffinized sections were then treated with
proteinase K (Sigma, St Louis, MO). A polyclonal rabbit Ig fraction was
used as the primary antibody and a biotinylated anti-rabbit |g was used as
the secondary antibody (Vector Laboratories, Burlingame, CA). A
substrate was then added to the tissues to produce a red precipitate
(Vector Red) on the antibody-labeled neutrophils. The tissues were
counterstained with hematoxylin (Gill No.3) (Sigma, St Louis, MO). The
number of neutrophils was counted in thirty high-power fields per slide (ten

fields per tissue section).

3. C. 6. Assessment of Hepatotoxicity

Rats were anesthetized with sodium pentobarbital (50 mg/kg ip), and
blood was collected from the abdominal aorta into syringes containing
3.8% sodium citrate (final concentration 0.38%). Activities of ALT and AST
were determined in plasma using Sigma Diagnostics Kits No. 59 UV and
No. 58 UV, respectively. The liver was removed intact. Samples taken for

microscopic examination were preserved in Histochoice fixative (Amresco,
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Solon, OH) or 10% buffered formalin. Tissue sections were processed for
light microscopy, cut at 6 microns, stained with hematoxylin and eosin and

evaluated for lesion severity.

3. C. 7. Statistical Analysis

Data are expressed as means + S.E.M. For all results presented, N
represents the number of individual animals. Homogeneous data were
analyzed by two-way analysis of variance (ANOVA). Individual means
were compared using Tukey's omega test. When variances were not
homogenous, data were analyzed using the Kruskal-Wallis ANOVA on
ranks for more than two groups. In the latter case, Dunn’s or Tukey’s test
was used to assess significance. The criterion for statistical significance

was p < 0.05.
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3. D. Results

3. D. 1. Protective Effect of GdCls.

To test the hypothesis that LPS activation of Kupffer cells is important in
the enhanced response to allyl alcohol, rats were treated with GdClI; before
exposure to LPS. Plasma ALT activity was low in animals exposed to
saline, LPS or allyl alcohol alone and was unaffected by pretreatment with
GdCl; (Figure 3.1.A). Plasma ALT activity was significantly elevated in
animals cotreated with LPS and allyl alcohol, and GdCl; pretreatment
prevented this increase. Similar results were observed for activity of AST
in plasma (Figure 3.1.B). GdCl; did not alter the hepatocellular
concentration of GSH or GSSG (Table 3.1) as compared to the
concentrations of GSH and GSSG in rats pretreated with saline (Table
2.2).

Consistent with the histopathological observations described in Chapter
2, examination of liver sections from rats cotreated with LPS and allyl
alcohol revealed a necrotizing, coagulative hepatitis. In most cases the
lesions were not confined to the periportal region but had spread to other
regions of the lobule, becoming panlobular. The lesions observed in livers

of cotreated rats pretreated with GdCl; were qualitatively similar to
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Figure 3.1. Protection from LPS-induced potentiation of allyl alcohol
hepatotoxicity by GdCl;. Animals were treated with GdCl; (10 mg/kg iv)
22 hours before administration of LPS. Animals were treated with LPS
(100 ug/kg iv) or vehicle two hours before administration of allyl alcohol (30
mg/kg ip) or vehicle. (A) ALT and (B) AST activities in plasma were
measured as markers of liver toxicity 18 hrs after treatment with allyl
alcohol. Data are expressed as mean + S.E.M. a, significantly different
from respective value in the absence of allyl alcohol. b, significantly
different from respective value in the absence of LPS. c, significantly

different from respective value in the absence of GdCl;. N =4-12.
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those seen in cotreated animals pretreated with saline; however, the extent
of the necrosis was less severe in nature. GdCl; did not affect the
inflammatory infiltrate observed in livers of cotreated rats. Livers from rats
treated with allyl alcohol in the absence of LPS were also less severely
damaged. Sections of livers from rats treated with saline or LPS only were

histologically normal with no evidence of hepatocellular necrosis or edema.

3. D. 2. Protection by Depletion of Circulating Neutrophils

To ascertain that the anti-PMN Ig had successfully depleted animals of
circulating neutrophils, differential leukocyte counts were performed on
blood smears from all animals. The number of circulating neutrophils was
significantly lower in those animals pretreated with anti-PMN |g compared
to animals pretreated with control |lg, indicating that the circulating
population of neutrophils was reduced by the anti-PMN Ig (Table 3.2).

Depletion of the circulating neutrophil pool by an anti-neutrophil IgG
fraction afforded protection to rats treated with both LPS and allyl alcohol
(Figure 3.2). Plasma ALT activity was significantly lower in cotreated
animals pretreated with the anti-neutrophil Ig compared to those pretreated
with the control Ig fraction. In rats treated with allyl alcohol alone, there

was no significant difference in the plasma ALT activity between groups
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Table 3.2

Numbers of circulating leukocytes in control rats versus rats treated with

anti-PMN IgG (cells per cubic millimeter).

TOTAL WHITE | NEUTROPHILS | MONOCYTES [ LYMPHOCYTES
CELL COUNT
C/Sal/AA | 9400 + 1754 | 1472 +483 | 1948 + 299 | 5232 + 1432
P/Sal/AA 3167 + 547 15 + 10° 245 +56° | 2906 + 497
C/LPS/AA | 6720 +820 | 2084 + 378 | 1415 +175 | 3413 +479
P/LPS/AA | 4440 + 1307 | 36 +24° 141 + 30° | 4344 + 1265

Rats were treated with anti-PMN Ig (1 ml/animal) or control Ig 16 and 4

hours prior to administration of LPS (100 pg/kg). Rats were treated with

allyl alcohol (30 mg/kg ip) 2 hrs after LPS (100 pg/kg iv).

a, significantly different from respective control Ig group
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Figure 3.2 Protection from LPS-induced potentiation of allyl alcohol
hepatotoxicity by depletion of circulating neutrophils. Animals were treated
with an anti-PMN IgG fraction or a control IgG fraction (1 ml/animal iv) 16
and 4 hours prior to administration of LPS. Animals were treated with LPS
(100 ug/kg iv) or vehicle two hours before administration of allyl alcohol (30
mg/kg ip) or vehicle. Plasma ALT activity was measured 6 hours after allyl
alcohol treatment. Data are expressed as mean + S.E.M. a, significantly
different from respective value in the absence of LPS. b, significantly
different from respective value in the presence of anti-PMN IgG. N = 2-12.
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that received the anti-neutrophil Ig fraction or control Ig. These data
indicate that Ig alone does not affect the baseline hepatotoxicity of allyl
alcohol.

Examination of liver sections by light microscopy revealed liver lesions
similar to those described above. In animals cotreated with LPS and allyl
alcohol, there was extensive coagulative necrosis of the hepatic
parenchyma which ranged from lesions confined to the periportal regions
of the liver lobules to lesions encompassing several adjacent lobules. A
prominent inflammatory infiltrate consisting primarily of neutrophils was
present in the necrotic sinusoids of those cotreated animals that had been
pretreated with control Ig. In contrast, cotreated animals pretreated with
anti-PMN Ig had markedly fewer neutrophils present in the necrotic areas.
There was no accumulation of inflammatory cells in areas of healthy tissue
in either group. Hepatic lesions were also noted in animals treated with
allyl alcohol only. These lesions were similar to those observed in
cotreated animals but they tended to be less severe.

The infiltration of neutrophils into the livers of animals was also
quantified. There was a significant decrease in the number of neutrophils
present in the liver lesions of cotreated animals pretreated with the anti-
PMN Ig as compared to the liver lesions of cotreated animals pretreated

with control Ig (Table 3.3).
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Table 3.3

Infiltration of neutrophils into hepatic sinusoids

(number of cells per 30 high power fields)

Control Ig Fraction Anti-PMN Ig Fraction
Sal/Sal 6+2 7+4
LPS/Sal 72+9 12+3
Sal/Allyl Alcohol 115 + 44 24 + 9°
LPS/Allyl Alcohol 276 + 63 19 + 6°

Rats were treated with anti-PMN IgG (1 ml/animal) 16 and 4 hours prior to
administration of LPS (100 pg/kg). Liver sections (6 microns thick) were

immunostained for neutrophils.

a, significantly different from values in the absence of neutrophil depletion.
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3. E. Discussion

Pretreatment of rats with nontoxic doses of LPS (100 pg/kg)
significantly increased liver damage in rats exposed to a nonlethal dose of
allyl alcohol as measured by both biochemical assays and pathological
examination. This increase in liver injury was significantly attenuated by
either inactivation of Kupffer cell phagocytosis by GdCl; or depletion of
circulating neutrophils with an anti-neutrophil Ig fraction. These data
strongly suggest that both of these cellular components of the innate
immune system play important roles in the ability of small amounts of LPS
to potentiate allyl alcohol hepatotoxicity.

In mammals, a small amount of LPS normally escapes the intestinal
tract and enters the portal circulation (Jones and Summerfield, 1988; Fox
et al, 1989; Nakao et al, 1994). This LPS is removed by Kupffer cells
before it can reach the general circulation and potentially elicit a systemic
inflammatory response. Kupffer cells and hepatocytes are believed to
work together in the chemical detoxification of LPS (Fox et al., 1989).
Kupffer cells perform the first part of the detoxification process by removing
some of the polysaccharide moieties; the modified LPS is then passed

onto hepatocytes for further metabolism.
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Despite the fact that Kupffer cells serve this beneficial role in removal of
LPS, inhibition of Kupffer cell function affords protection from the lethal
effects and liver injury caused by large doses of LPS (limuro et al.,, 1994;
Pearson et al., 1996; Brown et al., 1997). This apparent paradox may
be explained in part by activation of Kupffer cells under conditions in which
there are large concentrations of LPS in the portal circulation which
overload the detoxification mechanism of Kupffer cells; for example, during
overgrowth of gram-negative bacteria or after intravenous administration of
LPS (Biliar et al., 1988). In response to activation by LPS, Kupffer cells
release a number of chemical mediators of inflammation including
cytokines, prostaglandins, leukotrienes, reactive oxygen species (ROS),
platelet activating factor, and nitric oxide (Van Bossuyt et al., 1988; Van
Bossuyt and Wisse, 1988; Decker, 1990; Spolarics et al., 1993; Portoles
et al., 1994; Brouwer et al., 1995). These mediators may have adverse
effects on neighboring cell types and contribute to the development of
tissue injury. Thus, the mechanism by which inhibition of Kupffer cell
function protects animals from adverse effects of LPS may involve
attenuated release of potentially toxic mediators. Indeed, although
inhibition of Kupffer cell activity with GdCl; decreased liver injury in
response to large doses of LPS, hepatic accumulation of neutrophils was
not attenuated (Brown et al, 1997) and accumulation of platelets was

decreased only slightly (Pearson et al., 1996). These results suggest that
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Kupffer cells are not responsible for signaling the initiation of inflammation
in the liver during hepatic injury caused by large doses of LPS, but rather
contribute to subsequent events such as release of soluble mediators that
lead ultimately to tissue damage.

Results similar to those in animals exposed to large doses of LPS were
observed in rats cotreated with small doses of LPS and allyl alcohol: GdCl,
decreased the severity of hepatic necrosis but did not alter the
inflammatory infiltrate. Although Kupffer cell activation was not measured
directly, at the doses of LPS used in these studies TNF activity in plasma
is increased (see Chapter 4). Kupffer cells are hypothesized to be the
primary source of this TNF, although this hypothesis has been questioned.
Furthermore, histological analysis revealed unusually prominent Kupffer
cells in the sinusoids of rats treated with small doses of LPS, consistent
with modification of these cells. Thus, low doses of LPS may increase
susceptibility of hepatic parenchymal cells to injury from allyl alcohol
through some of the same, Kupffer cell-dependent events that ultimately
lead to liver injury at larger doses of LPS.

It is likely that the protective effect of GACl; on LPS enhancement of
allyl alcohol hepatotoxicity is mediated through abrogation of LPS effects
rather than allyl alcohol effects. In support of this, it has been
demonstrated that treatment with GdCl; does not affect activity of ADH

(Przybocki et al., 1992), ruling out decreased bioactivation of allyl alcohol
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as a mechanism by which GdCl; affords protection. Furthermore, inhibition
of Kupffer cell function did not prevent the hepatotoxicity of allyl alcohol in
the absence of LPS in our studies (Ganey and Schultze, 1995). These
results suggest that, although functional Kupffer cells are not required for
liver damage from larger doses of allyl alcohol, LPS-induced augmentation
of allyl alcohol hepatotoxicity occurs through a Kupffer cell-dependent
mechanism.

Another suggestion from this study is that the activation of Kupffer cells
may be important in their augmentation of the hepatotoxicity of allyl
alcohol. These data are consistent with the findings of other researchers
using different hepatotoxicants. For example, activation of Kupffer cells
with vitamin A increased the hepatotoxicity of carbon tetrachloride (EISisi
et al., 1993a; EISisi et al., 1993b; EISisi et al., 1993c; Rosengren et
al., 1995). Release of reactive oxygen species by vitamin A-stimulated
Kupffer cells is believed to be a contributing factor in this increased liver
damage (EISisi et al., 1993a). Inflammatory mediators are likely to be
important in the ability of LPS-stimulated Kupffer cells to potentiate the
hepatotoxicity of allyl alcohol, and in Chapter 4 we begin to explore this
possibility.

In addition to Kupffer cells, the other major cell type of innate immunity,
the neutrophil, is implicated in the mechanism by which LPS enhances allyl

alcohol hepatotoxicity. Neutrophils play a central role in the acute
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inflammatory response. These cells are among the first to arrive at a focus
of infection and begin killing bacteria by phagocytosis and release of free
radicals and proteases. A certain amount of tissue damage occurs during
this process but is usually repaired during the healing phase of
inflammation.

As mentioned in Chapter 1, neutrophils are a critical component of liver
injury induced by large doses of LPS. Large numbers of neutrophils
accumulate in the liver sinusoids and release mediators of inflammation
which are toxic to adjacent hepatocytes. Removal of neutrophils with an
anti-neutrophil antibody (Hewett et al, 1992; Sato et al., 1993) or
prevention of neutrophil migration with an antibody to leukocyte adhesion
molecules (Jaeschke et al., 1991) protected animals from the toxic effects
of LPS, confirming the important role neutrophils play in organ damage
during exposure to large doses of LPS.

A marked feature of the histopathology from the initial studies of the
LPS/allyl alcohol model presented in Chapter 2 was the presence of large
numbers of neutrophils in the damaged and necrotic sinusoids. The exact
role of the neutrophils was unclear: were they attracted by the damaged
tissue or did they have an active role in causing the damage? Depletion of
circulating neutrophils in cotretreated animals reduced ALT release and
liver injury as seen histologically to a level that was significantly different

from that of cotreated controls. These results suggest that neutrophils
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attracted into the sinusoids by LPS contribute to the liver injury when LPS
potentiates the hepatotoxicity of allyl alcohol. However, neutrophils were
seen in the necrotic hepatic sinusoids of rats treated with allyl alcohol
alone. The role of these cells is unclear. Work by Ganey and Schulze
(1995) has demonstrated that neutrophil depletion did not protect rats from
a toxic dose of allyl alcohol.

In summary, LPS appears to potentiate the hepatotoxicity of allyl
alcohol by activating the host’'s innate immune system, specifically Kupffer
cells and neutrophils. These cells are the source of many powerful
biochemical mediators during inflammation and it is possible that some of
these affect adjacent hepatic parenchymal cells, making them more
sensitive to the toxic properties of allyl alcohol given alone. One possible

mediator will be explored in Chapter 4.
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Chapter 4

PENTOXIFYLLINE ATTENUATES BACTERIAL
LIPOPOLYSACCHARIDE-INDUCED ENHANCEMENT OF ALLYL
ALCOHOL HEPATOTOXICITY
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4. A. Abstract

Small amounts of exogenous lipopolysaccharide (LPS) (10 ng/kg-100
ug/kg) enhance the hepatotoxicity of allyl alcohol in male, Sprague-Dawley
rats. This augmentation of allyl alcohol hepatotoxicity appears to be linked
to Kupffer cell function, but the mechanism of Kupffer cell involvement is
unknown. Since Kupffer cells produce tumor necrosis factor-alpha (TNF)
upon exposure to LPS and this cytokine has been implicated in liver injury
from large doses of LPS, we tested the hypothesis that TNF contributes to
LPS enhancement of allyl alcohol hepatotoxicity. Rats were treated with
LPS (10-100 pg/kg iv) 2 hours before allyl alcohol (30 mg/kg ip).
Cotreatment with LPS and allyl alcohol caused liver injury as assessed by
an increase in activity of alanine aminotransferase in plasma. Treatment
with LPS caused an increase in plasma TNF concentration which was
prevented by administration of either pentoxifylline (PTX) (100 mg/kg iv) or
anti-TNF serum (1ml/rat iv) one hour prior to LPS. However, only PTX
protected rats from LPS-induced enhancement of allyl alcohol
hepatotoxicity; anti-TNF serum had no effect. Exposure of cultured
hepatocytes to LPS (1-10 ug/ml) or to TNF (15-150 ng/ml) for 2 hours did
not increase the cytotoxicity of allyl alcohol (0.01-200 uM). These data

suggest that neither LPS nor TNF alone is sufficient to increase the

sensitivity of isolated hepatocytes to allyl alcohol. Furthermore,
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hepatocytes isolated from rats treated 2 hours earlier with LPS (i.e.
hepatocytes which were exposed in vivo to TNF and other inflammatory
mediators) were no more sensitive to allyl alcohol-induced cytotoxicity than
hepatocytes from naive rats. These data suggest that circulating TNF is
not involved in the mechanism by which LPS enhances hepatotoxicity of
allyl alcohol and that the protective effect of PTX may be due to another of

its biological effects.

4. B. Introduction

We have recently demonstrated that the hepatotoxicity of allyl alcohol is
enhanced by pretreatment with quite small doses of LPS and that this
augmented response is prevented by inhibition of the function of another
cellular mediator of inflammation, Kupffer cells (Sneed et al., 1997).
These results indicate that properly functioning Kupffer cells are important
in the mechanism of LPS-induced enhancement of allyl alcohol
hepatotoxicity and evoke interest in whether inflammatory mediators
released by these cells participate in augmenting toxicity.

Kupffer cells are the resident macrophages of the hepatic sinusoids
(Jones and Summerfield, 1988; Bouwens and Wisse, 1992; Wisse et al.,

1996) and have a major role in clearing the hepatic portal blood of
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intestinally derived LPS (Fox et al., 1989; Toth et al., 1992). These
macrophages respond to LPS with production of mediators such as
cytokines (e.g. tumor necrosis factor-alpha (TNF), interleukin-1, interleukin-
6), reactive oxygen species, and prostaglandins (Decker et al., 1990).
Kupffer cells play a critical role in liver injury from large doses of LPS as
evidenced by the observation that inhibition of their function with
gadolinium chloride (GdCl;) affords protection (limuro et al., 1994;
Pearson et al., 1996; Brown et al., 1997). Cytokines are also essential to
LPS-induced responses. For example, inhibition of TNF synthesis or
activity attenuates liver injury and lethality in baboons (Tracey et al.,
1987), mice (Beutler et al., 1985) and rats (Hewett et al., 1993). These
results indicate that TNF is important in the pathogenesis of tissue injury
from large doses of LPS and raise the possibility that TNF may be a factor
in the ability of LPS to enhance the hepatotoxicity of xenobiotics. The
present study was undertaken to test the hypothesis that TNF participates
in the potentiation of allyl alcohol hepatotoxicity by LPS. Two approaches
were taken to inhibit the effects of TNF in animals treated with LPS and
allyl alcohol: pentoxifyline (PTX) was given to inhibit synthesis of TNF,
and an antiserum directed against TNF was administered to neutralize

TNF activity.
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4. C. Materials and Methods

4. C. 1. Materials

Lipopolysaccharide (Escherichia coli, serotype 0128:B12. Specific
activity 1 x 10’ endotoxin units/mg for the in vitro studies and 7 x 10’
endotoxin units/mg for the in vivo studies), and Sigma Diagnostics Kit No.
59 UV for determination of activity of alanine aminotransferase (ALT) were
purchased from Sigma Chemical Company (St. Louis, MO). Collagenase
and pentoxifylline were obtained from Sigma Chemical Company (St.
Louis, MO). Allyl alcohol was purchased from Aldrich Chemical Company
(St. Louis, MO). Wiliams’ medium E was purchased from Gibco

(Gaithersburg, MD).

4. C. 2. Production of Anti-TNF Serum

The rabbit blood serum, both anti-TNF and control, was produced in our
laboratory using New Zealand White and nonpedigree rabbits respectively
(Hewett et al., 1992). Recombinant murine TNF (50 ul) (R & D Systems,

Minneapolis, MN) was compounded with 1 ml of saline and 1 ml of
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Freund’s complete adjuvant. Rabbits were tranquilized with acepromazine
and restrained. The skin on the back of the neck area was disinfected,
and 30 ul of the TNF/adjuvant solution was injected intradermally into six
areas on either side of the spine. A separate injection (0.5 ml) was given
intraperitoneally. The initial injection was followed by boost injections 14
and 28 days later. The boost injections were identical to the initial
injection except that Freund’s incomplete adjuvant was used in place of
Freund’s complete adjuvant.

Blood was drawn from the ear artery or vein at two week intervals after
the last boost series. The blood was allowed to clot for two hours at room
temperature then overnight at 4°C. Serum was harvested and tested for
anti-TNF titer using the WEHI subclone 13 bioasaay (Espevik and Nissen-

Meyer, 1986; Eskandari et al., 1990). The serum was stored at —20°C.

4. C. 3. Animals

Male, Sprague-Dawley rats [CD-Crl:CD-(SD)BR VAF/Plus]; Charles
River, Portage, MI) weighing 200-300 gm were used in all studies. The
animals were allowed food (Rodent Chow, Teklad, Madison, WI) and water
ad libitum. They were maintained on a 12-hour light and dark cycle under

conditions of controlied temperature and humidity.
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4. C. 4. Isolation of Hepatocytes

Hepatocytes were isolated by collagenase digestion (Seglen, 1973,
Klaunig et al., 1981), placed in Williams' medium E supplemented with
10% fetal calf serum and 0.1% gentamicin. Hepatocytes from isolations
with a cell viability of 90% or greater were plated in 6-well primaria plates
(Falcon Laboratories) at a density of 5 x 10° cells per well. In some
experiments, hepatocytes were obtained from the livers of rats treated 2
hours earlier with LPS (4 mg/kg iv). The hepatocytes were allowed to
stabilize in culture for 3 hours, the medium was removed, and the cells
were washed once with Williams’ medium E supplemented only with 0.1%
gentamicin. A final volume of 2 ml per well of the latter medium was used
in the remainder of the study. Allyl alcohol was added to the hepatocyte
cultures at the concentrations of 0, 0.1, 1, 25, 30, 50, 60, 100, or 200 mM
as indicated in the Figures and Results. Hepatocyte injury was assessed
90 or 180 minutes after addition of allyl alcohol. In studies in which
hepatocyte cultures were incubated with LPS or TNF, these agents were

added 2 hours prior to treatment with allyl alcohol.
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4. C. 5. Treatment Protocols

4. C. 5. 1. Treatment of Animals with Anti-TNF Serum

In preliminary experiments to determine the effective dose of serum, a
limited number of rats were pretreated intravenously with 0, 0.25, 0.50, or
1.0 ml of anti-TNF serum diluted 1:1 with saline 1 hour before treatment
with LPS (100 ng/kg iv) (Hewett et al, 1993). Ninety minutes after
administration of LPS animals were anesthetized with pentobarbital (50
mg/kg ip) and blood was drawn from the abdominal aorta into syringes
containing 3.8% sodium citrate (final concentration 0.38%) allyl alcohol (30
mg/kg) or sterile saline was injected intraperitoneally. The activity of TNF
was determined using the WEHI subclone 13 bioassay (Figure 4.1).
Administration of either 0.25 or 0.5 ml of anti-TNF serum neutralized TNF
to undetectable levels in 3 out of 4 rats; however, | ml of serum effectively
eliminated TNF activity in all rats tested. This dose was chosen for the

remaining studies.
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4. C.5. 2. Treatment of Animals with Pentoxifylline

Rats were treated intravenously with PTX (100 mg/kg) or with an
equivalent volume of sterile saline (Abbott Laboratory, Abbott Park, IL) 1
hour prior to treatment with LPS (100 pg/kg). This treatment protocol for
PTX has been shown to prevent the LPS-induced rise in plasma TNF
activity (Hewett et al., 1993). Two hours after administration of LPS, allyl
alcohol or its sterile saline vehicle was injected intraperitoneally. Liver

injury was assessed six hours later.

4. C. 6. Assessment of Hepatocyte Cytotoxicity

Cytotoxicity was assessed from release of ALT into the medium. The
medium was collected from the wells, and 2 ml of 1% TritonX-100 were
added to each well and allowed to remain for at least 5 minutes at room
temperature. The wells were scraped thoroughly with a rubber policeman
to remove all cells, and the resulting solution was sonicated to disperse
subcellular components. All samples (both medium and lysate) were
centrifuged for 10 minutes at 600 x g. The activity of ALT in all cell-free
supernatant fluids was determined with Sigma Diagnostics Kit No. 59-UV.

The activity in the medium (i.e., ALT released) was expressed as a
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percentage of the total (medium plus lysate) activity (Ganey et al., 1994,

Ho et al., 1996).

4. C. 7. Assessment of Hepatotoxicity.

Rats were anesthetized with sodium pentobarbital (50 mg/kg ip), and
blood was collected from the abdominal aorta into syringes containing
sodium citrate (final concentration, 0.38%). ALT activity was determined in

plasma.

4. C. 8. Determination of Activity of TNF

The activity of TNF in the blood of rats was determined 90 minutes after
administration of LPS or its saline vehicle. Rats were anesthetized with
sodium pentobarbital (50 mg/kg ip), and blood was collected from the
abdominal aorta into syringes containing sodium citrate (final

concentration, 0.38%). Plasma was collected, diluted serially and
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Figure 4.1. Dose-response for anti-TNF serum. In order to determine the
amount of anti-TNF serum needed to completely neutralize circulating
levels of plasma TNF, rats were treated with either 0.25, 0.50, or 1.0 ml of
anti-TNF serum diluted 1:1 in saline or a saline control. The animals were
given LPS (100 ug/kg) one hour later. Plasma was collected 90 minutes
after injection with LPS, and activity of TNF was determined as described

in Materials and Methods. N = 4.
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incubated for 22 hours in the presence of the TNF-sensitive fibrosarcoma
cell line, WEHI 164 clone 13 (Espevik and Nissen-Meyer, 1986; Eskandari
et al, 1990). The extent of cell lysis was measured with 3-(4,5-
dimethyithiazol-2-yl)-2,5-diphenyitetrazolium bromide (MTT) (Sigma, St.
Louis, MO) using a Bio-Tek plate reader, and the amount of TNF was
calculated from a standard curve using a serial dilution of a recombinant

murine TNF standard (R & D Systems, Minneapolis, MN).

4. C. 9. Assessment of Alcohol Dehydrogenase Activity in Liver

Homogenates

Rats were treated with PTX (100 mg/kg) or saline vehicle 90 minutes
prior to treatment with LPS (10 ug/kg). Two hours after treatment with LPS
or saline vehicle, animals were killed. The liver was removed and
homogenized in a solution of 0.05 M HEPES (pH 8.4) and 0.33 mM
dithiothreitol. The homogenate was centrifuged at 100,000 x g for 45 min.
The supernatant fluid was collected, and activity of ADH was measured
spectrophometrically (366 nm) by monitoring the reduction of nicotinamide
adenine dinucleotide (NAD) using ethanol as a substrate (Krebs et al.,
1969). Protein concentration in the supernatant was determined using the

bicinchoninic acid (BCA) assay kit (Pierce, Rockford, IL).
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4. C. 10. Statistical Analysis

Data are expressed as means + S.E.M. For all results presented, N
represents the number of individual animals used for in vivo or in vitro
studies. Homogenous data were analyzed by one-way or two-way
analysis of variance (ANOVA). Individual means were compared using
Tukey's omega test. When variances were not homogenous, data were
analyzed using Kruskal-Wallis ANOVA on ranks, and Dunn’s test was used
to assess significance. Data expressed as percentages were transformed
by the arc sine square root method prior to analysis. The criterion for

statistical significance was p < 0.05.

4. D. Results

4. D. 1. Effect of In Vitro Exposure to LPS on Allyl Alcohol-Induced

Cytotoxicity in Isolated Hepatotcytes

To test whether LPS has direct effects on hepatocytes that contribute to
enhancement of allyl alcohol toxicity, isolated hepatocytes were pretreated

with LPS for 2 hours, then exposed to allyl alcohol (Figure 4.2). This
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experimental design was selected to mimic the dosing regimen for LPS
and allyl alcohol that results in LPS enhancement of allyl alcohol toxicity in
vivo (Sneed et al., 1997). In hepatocytes not exposed to LPS, allyl alcohol
caused a concentration-related increase in ALT release at 90 minutes;
significant differences were observed at concentrations of allyl alcohol >
100 uM. In hepatocytes exposed to LPS, a significant rise in ALT release
was also seen at concentrations of allyl alcohol > 100 uM, and there were
no significant differences in ALT release among groups at any
concentration of allyl alcohol. LPS was not cytotoxic in the absence of allyl
alcohol (Figure 4.2). Similar experiments were performed in which
cytotoxicity was assessed at 180 minutes after addition of allyl alcohol. No
further increase in toxicity was observed at this time, and no differences

were observed among the LPS-treated groups (data not shown).

4. D. 2. Protection from LPS-Induced Enhancement of Allyl Alcohol

Hepatotoxicity by PTX

PTX decreases the synthesis of TNF at the mRNA level (Dezube et

al., 1993). Control animals treated with saline only or with PTX and saline

only did not have detectable plasma activity of TNF (Table 4.1). TNF
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Figure 4.2. Lack of effect of LPS exposure in vitro on allyl alcohol
cytotoxicity towards hepatic parenchymal cells. Rat hepatocytes were
cultured in medium containing 0, 1, or 10 ug/ml LPS for 2 hours. Allyl
alcohol was added at the indicated concentrations, and cytotoxicity was
assessed 90 minutes later from release of ALT activity into the medium.
Data are expressed as mean + S.E.M. a, all values at these points,
irrespective of LPS concentration, are significantly different from respective

controls not exposed to allyl alcohol. N=5.
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activity was increased significantly in the plasma of animals treated 90
minutes earlier with LPS. Pretreatment with PTX significantly reduced the
circulating activity of TNF.

Plasma ALT activity was low in rats in the saline/saline or LPS/saline
groups irrespective of PTX pretreatment (Figure 4.3). In animals that
received the vehicle for PTX and then were treated with saline and allyl
alcohol there was an increase in plasma ALT activity, but this increase was
not statistically significant. Animals treated with the vehicle for PTX and
then cotreated with LPS and allyl alcohol had significantly elevated plasma ALT

activity. Pretreatment with PTX attenuated the increase in plasma ALT activity in

cotreated animals.

Allyl alcohol hepatotoxicity requires bioactivation by ADH to acrolein.
Accordingly, we examined the effect of PTX on the activity of ADH in the
livers of rats pretreated with LPS to determine if PTX afforded protection
by inhibition of the bioactivation of allyl alcohol. As shown in Table 4.2,

pretreatment with PTX did not affect the activity of ADH in rat liver.
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Table 4.1

Effect of PTX on the LPS-induced increase in plasma TNF activity

TNF (ng/ml)
Treatment Saline PTX
Saline ND ND
LPS 15.0 +3.2 0.04 +0.012

Rats were treated with PTX (100 mg/kg, iv) or saline vehicle one hour
before treatment with LPS (0.1 mg/kg, iv). The activity of TNF was
measured in plasma collected 90 minutes after LPS treatment. a,
significantly different from respective value in the absence of PTX.

ND, Not Detected.
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Figure 4.3. Protection by PTX from LPS-enhancement of allyl alcohol
hepatotoxicity. Animals were pretreated with PTX (100 mg/kg) 1 hour prior
to treatment with LPS (100 pg/kg). Allyl alcohol (30 mg/kg) was given 2
hours after LPS; liver damage was measured 6 hours after allyl alcohol
treatment. Data are expressed as mean + S.E.M. a, significantly different
from values in absence of LPS . b, significantly different from respective

value in the absence of PTX. N =6.
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4. D. 3. Lack of Effect of Inactivation of TNF on LPS-Induced Potentiation

of Allyl Alcohol Hepatotoxicity

To verify that reduction of circulating TNF protects rats from LPS-
potentiated allyl alcohol hepatotoxicity, animals were treated with an anti-
serum specific for TNF prior to treatment with LPS. In preliminary studies,
the efficacy of the anti-TNF antibody was determined. The administration
of 1 ml of anti-TNF serum prevented the rise in plasma TNF such that TNF
activity in all samples was below the limit of detection.

There was no significant elevation in plasma ALT activity in animals in
the saline/saline, LPS/saline or saline/allyl alcohol groups irrespective of
pretreatment with control or anti-TNF serum (Figure 4.4). Plasma ALT
activity was significantly elevated in animals cotreated with LPS and allyl
alcohol compared to animals treated with LPS alone or allyl alcohol alone.
There was no significant difference in ALT activity between cotreated

animals pretreated with control serum and anti-TNF serum.
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Table 4.2

Effect of PTX on the activity of alcohol dehydrogenase in LPS-treated rats

ALCOHOL DEHYDROGENASE ACTIVITY

(umol/min/g of liver)

Treatment Saline PTX
Saline 7.32 + 1.96 744 + 2.31
LPS 7.31+2.19 8.07 + 0.54

Rats were treated with PTX (100 mg/kg, iv) or saline vehicle one hour
before treatment with LPS (0.1 mg/kg, iv). The activity of alcohol

dehydrogenase was measured in homogenates collected 90 minutes

after LPS treatment.

There were no significant differences in the activity of hepatic alcohol

dehydrogenase among any of the treatment groups.
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Figure 4.4. Lack of protection from LPS enhancement of allyl aicohol
hepatotoxicity by anti-TNF serum. Animals were pretreated with control or
anti-TNF serum 1 hour prior to treatment with LPS (10 ug/kg). Allyl alcohol
(30 mg/kg) was given 2 hours after LPS; liver damage was measured 6
hours after allyl alcohol treatment. Data are expressed as mean + S.E.M.
a, significantly different from respective value in absence of LPS. b,
significantly different from respective values in the absence of allyl alcohol.

N = 3-13.
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Figure 4.5. Lack of effect of TNF exposure in vitro on allyl alcohol
cytotoxicity towards hepatic parenchymal cells. Rat hepatocytes were
cultured in medium containing 0, 15, or 150 ng/ml TNF for 2 hours. Allyl
alcohol was added at the indicated concentrations, and cytotoxicity was
assessed 90 minutes later. Data are expressed as mean + S.E.M. a, all
values at these points, irrespective of TNF concentration, are significantly

different from respective controls not exposed to allyl alcohol. N = 3-5.
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4. D. 4. Effect of In Vitro Exposure to TNF on Allyl Alcohol-Induced Cytotoxicity in

Isolated Hepatocytes

To test whether TNF alone can enhance the hepatotoxicity of allyl
alcohol in isolated hepatocytes, cells were pretreated with TNF for 2 hours
before exposure to allyl alcohol. Two concentrations of TNF were used:
15 ng/ml to replicate the TNF activity found in peripheral plasma of rats
treated with LPS (Table 4.1) and 150 ng/ml to estimate a greater TNF
activity potentially found in the liver sinusoids after treatment with LPS . As
in experiments depicted in Figure 1, allyl alcohol caused a concentration-
dependent increase in release of ALT (Figure 4.5). Cytotoxicity of allyl

alcohol was unaffected by pretreatment with TNF.

4. D. 5. Allyl Alcohol-Induced Cytotoxicity in Isolated Hepatocytes from

LPS-Treated Rats

TNF reaches a maximal concentration in plasma 90 minutes after
treatment with LPS in vivo. To examine whether exposure in vivo to TNF
increased sensitivity of hepatocytes to allyl alcohol, hepatocytes were
isolated from rats treated with LPS 2 hours earlier and were exposed to
ally alcohol as described in Figure 4.1. Allyl alcohol caused a

concentration-dependent increase in ALT release in hepatocytes isolated
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from LPS-treated rats (Fig 4.6); however there was no significant

difference in allyl alcohol-induced toxicity.

4. E. Discussion

We have reported previously that very small amounts (10 ng/kg — 100
ng/kg) of LPS potentiate the hepatotoxicity of allyl alcohol (Sneed et al.,
1997), and the studies presented here were performed to begin to explore
the mechanism of potentiation. Hepatic injury resuiting from exposure to
relatively large doses of LPS is dependent upon several factors. These
factors include, but are not limited to, the release of inflammatory
mediators by activated macrophages and the influx of inflammatory cells
into the liver. Blockade or inhibition of any one of these factors prevents
the hepatic injury associated with large doses of LPS (Tracey et al., 1987;
Jaescshke et al., 1991; Sato et al, 1993; Chang et al., 1993; Hewett
et al.,1993; Imuro et al., 1994). Although LPS damages the liver through
indirect means via inflammatory cells and soluble mediators, direct effects
of LPS on hepatocytes have been reported. For example, LPS decreases
bile formation (Utili et al., 1977) and increases fatty acid synthesis in the

liver (Feingold et al., 1992). It is unlikely that the direct effects of LPS

135



Figure 4.6. Cytotoxicity of allyl alcohol toward hepatocytes isolated from
rats treated in vivo with LPS. Rats were treated with LPS (4 mg/kg) 2
hours prior to hepatocyte isolation. The indicated concentrations of allyl
alcohol were added to the culture medium, and cytotoxicity was measured
90 minutes later. For reference, allyl alcohol cytotoxicity in hepatocytes
from naive rats is presented. Data are expressed as mean + S.E.M. a,

significantly different from control not exposed to allyl alcohol. N = 5.
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contribute to the enhancement of hepatotoxicity of allyl alcohol because
allyl alcohol-induced cytotoxicity in isolated hepatocytes was not altered by
pretreatment of cells with LPS (Figure 4.1). Thus, these results support
the hypothesis that factors other than LPS alone are responsible for the
enhancement of hepatotoxicity seen in vivo. This hypothesis is consistent
with results of studies in which inhibition of Kupffer cell function prevented
enhancement of allyl alcohol hepatotoxicity by LPS (Sneed et al., 1997).
One of the inflammatory mediators produced by LPS-activated Kupffer
cells is the proinflammatory cytokine, TNF, which plays a critical role in
liver injury from large doses of LPS (Beutler et al., 1985; Tracey et al,
1987; Hewett et al., 1993). Accordingly, we examined the role of TNF in
LPS potentiation of allyl alcohol hepatotoxicity.

The methylxanthine, PTX, inhibits the synthesis of TNF (Zabel et al.,
1989; Han et al., 1990; Doherty et al., 1991; Noel et al., 1990; Dezube et
al., 1993; Semmier et al., 1993; Zabel et al., 1993), and results presented
here (Table 4.1) confirm this. Furthermore, administration of PTX prior to
LPS treatment protected animals from the enhanced hepatotoxicity of allyl
alcohol. These data suggested that TNF may be involved in the
mechanism by which LPS augments the hepatotoxicity of allyl alcohol.
PTX has multiple pharmacological effects, however; therefore a more
specific approach, neutralization of TNF with an anti-TNF serum, was used

to test further whether inhibition of TNF afforded protection. The anti-TNF
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serum did not diminish LPS enhancement of allyl alcohol hepatotoxicity
despite complete neutralization of circulating TNF activity.  Similar
protection by PTX and lack of protection by anti-serum-induced
neutralization of TNF have been observed in a rat model of intestinal injury
induced by nonsteroidal anti-inflammatory drugs (Reuter and Wallace,
1999) and in a model of bacteria-induced lung injury in rabbits (Miyazaki
et al., 1999).

One explanation for the disparate results observed with PTX and anti-
TNF serum in these studies is that since PTX inhibits synthesis of TNF, it
affords a more complete blockade of TNF action in the liver, whereas TNF
is still produced by Kupffer cells after treatment with anti-TNF serum and
can act locally before neutralization by the anti-serum. An alternative
explanation is that TNF is not involved in the mechanism by which LPS
enhances the hepatotoxicity of allyl alcohol. This explanation is supported
by results obtained from in vitro experiments presented here. Exposure of
isolated hepatocytes to TNF did not alter the cytotoxic response to allyl
alcohol (Figure 4.4), indicating that direct effects of TNF on hepatocytes
are not sufficient to increase sensitivity to allyl alcohol. Others have also
shown that TNF alone is not cytotoxic to isolated hepatocytes, but that cell
damage requires the addition of other cytokines or induction of oxidative

stress in the cells (Adamson and Billings, 1992; Sieg and Billings, 1997).
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Experiments were performed using hepatocytes isolated from rats
treated two hours earlier with LPS. Since TNF activity in plasma reaches a
peak 90 minutes after administration of LPS, these hepatocytes were
exposed to TNF in vivo. Despite this exposure to TNF and other mediators
evoked by treatment with LPS, allyl alcohol was neither more potent nor
more toxic in these cells. Maximal cytotoxicity was observed at the same
concentration of allyl alcohol (100 uM) in both cell populations, and the
concentration of allyl alcohol required to achieve half-maximal cytotoxicity
was greater, not smaller, in hepatocytes from LPS-treated rats compared
to those from naive rats. One possible explanation for these results is that
the procedure used to isolate hepatocytes could select cells that are
resistant to the effects of LPS and the mediators elicited by LPS.
Alternatively, these results suggest that exposure in vivo to LPS-induced
mediators for up to two hours is not sufficient to increase sensitivity of
hepatocytes toward allyl alcohol. It is possible that interactions among
hepatocytes and nonparenchymal cells in the intact liver may be needed at
times beyond 2 hours, or augmentation of toxicity may only be observed
under conditions of continuous exposure to LPS-induced soluble
mediators. Another possibility is that the presence of a mediator that
becomes involved at times beyond 2 hours after exposure to LPS may be
required for enhanced hepatotoxicity. For example, thrombin is necessary

for liver injury from larger doses of LPS, and protection is afforded when
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the action of thrombin is blocked up to 2 hours after administration of LPS
(Moulin et al., 1996).

If TNF is not involved in the mechanism by which LPS enhances allyl
alcohol hepatotoxicity, then the protective effect produced by PTX is due to
one or more of the other pharmacological properties of this drug. The
phosphodiesterase properties of PTX cause increases in intracellular
levels of cyclic adenosine monophosphate (CAMP), and this increase in
cAMP may inhibit macrophage function (Taffet et al., 1989). PTX also
improves blood flow in tissues (Ward and Clissold, 1987). This effect of
PTX has been demonstrated to be protective in one model of sepsis in
which high mortality was associated with hemodynamic shock (Yang et
al., 1999). In addition PTX can reduce the levels of toxic free radicals.
PTX attenuates the expression of inducible nitric oxide synthase (Wu et
al., 1999) and decreases the respiratory burst of neutrophils (Kowalski et
al., 1999). A combination of the above factors may be involved in the
ability of PTX to protect animals from LPS-enhanced allyl alcohol
hepatotoxicity.

In summary, inflammatory mediators may participate in the ability of
LPS to enhance the hepatotoxicity of certain xenobiotics. In LPS-induced
enhancement of allyl alcohol hepatotoxicity however, circulating TNF does
not appear to play a major role, although the possibility of autocrine or

paracrine hepatic effects of TNF cannot be completely ruled out. The drug
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PTX protects animals from this enhancement and may do so by affecting

the responses of Kupffer cells to the presence of LPS.
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Chapter 5

SUMMARIES AND CONCLUSIONS
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5. A. Characterization of the Model

Very small, nontoxic doses of exogenous LPS can significantly
potentiate the liver injury observed in rats exposed to allyl aicohol.
Furthermore, this potentiation occurs at doses of allyl alcohol which are
nontoxic or only mildly so. Histologically, the lesions produced are much
more allyl alcohol-like than LPS-like in appearance, suggesting that the
hepatotoxicity of allyl alcohol is potentiated, not that of LPS.

Based upon the observations presented in Chapter 2, LPS accelerates
the development of liver damage from allyl alcohol. Pretreatment of rats
with LPS reduces the time for significant liver injury to occur. Normally allyl
alcohol produces hepatic lesions at 18 to 24 hours. In the presence of
LPS, lesions are apparent as early as 2 hours. LPS also makes the
lesions more severe: animals cotreated with LPS and 30 mg/kg of allyl
alcohol have hepatic lesions that resemble those of animals treated with
40 mg/kg of allyl alcohol.

Allyl alcohol must be bioactivated to the aldehyde acrolein for liver
damage to occur. This is also true of LPS-induced potentiation of allyl
alcohol. However, LPS has no effects on the actual metabolism of allyl
alcohol. LPS does not affect the hepatocellular concentration of reduced

glutathione.
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5. B. The Role of the Innate Immune System

LPS is a potent stimulant for the innate immune system. Under normal
conditions the stimulation provided by LPS is just adequate to elicit an
immediate response from the innate immune system towards invading
bacteria. However, sometimes, the components of the innate immune
system will overrespond to the stimulus provided by LPS and, in turn,
damage the body that they are defending.

The two primary divisions of the innate immune system, macrophages
and neutrophils, have prominent roles in high dose models of LPS
hepatotoxicity. Disabling either cell population will protect a host from the
toxic effects of endotoxemia. Recent research has also suggested that
these cell populations participate in the toxic mechanisms of certain
xenobiotics. Depletion of circulating neutrophils protects animals from the
liver injury produced by ANIT, while inactivation of Kupffer cells protects
rats from the hepatotoxicity of ethyl alcohol (Dahm et al., 1991; Adachi et
al., 1994).

Based on the data presented in Chapter 3, the current state of one
major population of innate immune system cells, Kupffer cells, was crucial
to the ability of allyl alcohol to produce significant hepatotoxicity.
Stimulation of these cells with LPS prior to exposure to allyl alcohol

resulted in a significant increase in liver injury compared to no prior
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stimulation. Disabling Kupffer cells protected experimental animals from
enhanced hepatotoxicity of allyl alcohol even if they were pretreated with
LPS. These data fulfiled two of Koch's postulates concerning the
involvement of agents in a disease process.

The role of neutrophils was not as clear. Early in the development of
this model, large numbers of neutrophils were present in the necrotic areas
of the hepatic sinsoids. Their contribution to the injury was unclear: were
they active participants or were they there in response to tissue necrosis.
Depletion of circulating neutrophils provided significant protection from the
ability of LPS to potentiate the hepatotoxicity of allyl alcohol; however,
unlike in the case of GdCl;, removal of neutrophils did not totally eliminate
the increase in liver injury seen in LPS-potentiated allyl alcohol
hepatotoxicity. A significant difference in plasma ALT activities still existed
between neutrophil-depleted animals from the LPS/allyl alcohol group and
animals from the saline/allyl alcohol group. These data suggested that
neutrophils did not act independently of Kupffer cells but most likely acted
in concert with them to potentiate the hepatotoxicity seen when animals
were given both LPS and allyl alcohol (Figure 5.1).

While the data from Chapter 3 demonstrate the important role of both
Kupffer cells and neutrophils in LPS-enhanced hepatotoxicity of allyl
alcohol, they do not indicate the relative contribution of each cell

population to the experimental model. Inhibition of either leg of the innate
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Figure 5.1. Comparison of the protective effects of depletion of functional
Kupffer cells versus circulating neutrophils. Rats were depleted of either
functional Kupffer cells or circulating neutrophils prior to treatment with
LPS (100 pg/kg) or saline control. Two hours later, animals were treated
with allyl alcohol (30 mg/kg) or saline control. LPS potentiated the
hepatotoxicity of allyl alcohol in control animals in both studies while
depletion of functional Kupffer cells or circulating neutrophils provided
significant protection from liver injury. Exclusive depletion of neutrophils,
however, did not provide the same degree of protection as did depletion of
Kupffer cells. The level of hepatotoxicity in neutrophil-depleted, cotreated
animals was significantly higher than in the same group in the absence of
LPS. a, significantly different from value in the absence of LPS. b,
significantly different from value in the presence of functional Kupffer cells

or circulating neutrophils. c, significantly different value in absence of LPS.
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immune system is equally protective even though inactivation of Kupffer
cells provided more absolute protection than did depletion of neutrophils.
The latter observation may indicate that neutrophils work in concert with
Kupffer cells to produce the liver injury associated with sequential
administration of LPS and allyl alcohol. Such an observation may serve as
a starting point for other research questions such as how do Kupffer cells
and neutrophils interact to produce the LPS-induced potentiation of allyl

alcohol hepatotoxicity.

5. C. The Role of TNF

LPS does not directly make hepatocytes more sensitive to the toxic
effects of allyl alcohol. Simply exposing cultured hepatocytes to LPS has
none of the effects seen in intact animals. As has already been
established, participation of Kupffer cells and neutrophils is crucial to the
ability of LPS to potentiate the hepatotoxicity of allyl alcohol. A logical
supposition would be that these cells produce a factor or factors that make
hepatocytes more sensitive to the toxic effects of allyl alcohol.

As described in the Chapter 1, both Kupffer cells and neutrophils
produce a number of biochemical mediators in response to exposure to

LPS and some of these mediators play an important role in the liver injury
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seen in endotoxemia. It is quite possible that a secretory product of these
cells has a deleterious effect on adjacent hepatocytes.

One of these mediators is the cytokine TNF. Inhibition of TNF activity in
intact animals protects them from the organ damage and death associated
with endotoxemia and bacteremia. In the current model of LPS-induced
enhancement of allyl alcohol toxicity, pretreatment of rats with PTX, a
known inhibitor of TNF synthesis, is protective. However, inhibition of TNF
activity with an anti-TNF serum is not. These data may indicate that TNF
is not involved and they may indicate that PTX provides protection via
another mechanism such as affecting cyclic adenosine monophosphate
levels in Kupffer cells or inhibiting the respiratory burst in neutrophils.

Adding TNF directly to cultured hepatocytes does not affect their
sensitivity to allyl alcohol. Similarly, coculturing them with LPS-stimulated
peritoneal macrophages or RAW cells has no effect. Based on the results
described above, the complex cellular interactions found in the intact

animal are missing from cell culture situations.

5. D. A New Hypothesis

In the work presented in this dissertation, we have established that very

small doses of LPS can potentiate the hepatotoxicity of allyl alcohol. We
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have also proven our original hypothesis that cells of the innate immune
system are crucial elements in this model of liver injury. Our experimental
data correlate quite well with a growing body of research linking exposure
to LPS to the augmentation of the hepatotoxicity of other biologically-based
toxicants or synthetic xenobiotic agents. Even though these compounds
vary in their mechanism of hepatotoxicity, coexposure to LPS is the
common factor.

The data generated for this dissertation has answered the original
hypothesis, but they have in turn generated a new hypothesis and a new
set of questions to be solved. A new hypothesis might be the following:

After exposure to LPS, Kupffer cells and neutrophils release biochemical
mediators that make hepatocytes more sensitive to the toxic properties of
allyl alcohol (Figure 5.2). The identity of the mediator needs to discovered

as well as how it exerts its effect on hepatocytes to make them more
sensitive.

The data from this dissertation has also generated a number a new
questions. One interesting aspect of this model is the inability to
reproduce it in in vitro culture systems. The simple presence of LPS does
not make hepatocytes more sensitive to allyl alcohol. Questions arising
from this finding might be: What are the cell types crucial to the

mechanism? |s there something in the environment of the sinusoid that is

missing from the in vitro system? Finding the answer to these and related
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Figure 5. 2. A hypothetical model. Kupffer cells and neutrophils release
inflammatory mediators in the presence of LPS. When these mediators
reach hepatocytes, they alter the physiology of the parenchymal cells such

that the hepatocytes are more susceptible to injury by allyl alcohol.
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questions will provide valuable insight into the workings of the ability of
LPS to potentiate allyl alcohol hepatotoxicity.

The knowledge gained from solving the mechanism behind this model
may prove useful in understanding other models in which the interaction of
LPS and a second agent results in enhanced liver injury. This knowledge
may also provide insight into some of the variable and idiosyncratic
responses of individual humans to various toxicants. The current state of
their innate immune system may be a very important factor in how that

person will respond to a given toxicant.
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