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Abstract

The term “Nonalcoholic steatohepatitis” (NASH) describes a form of liver disease
indistinguishable from alcoholic liver disease, but present in persons who consume
insignificant amounts of alcohol. The spectrum of non-alcoholic liver disease ranges from
non-progressive steatosis, through to NASH and sometimes to cirrhosis. Risk factors
predisposing to NASH include obesity, diabetes mellitus, hypertriglyceridemia and
procedures leading to rapid and profound weight loss such as gastric bypass and bulimia.
Given the high incidence of type I diabetes, obesity and various types of hyperlipidaemia in
the Western Cape, NASH has become one of the most commonly encountered liver diseases
in the Liver Clinic, Groote Schuur Hospital. Statistics also suggest nonalcoholic fatty liver
disease underlies most cases of elevated liver enzymes in many other parts of the world. The
exact pathogenic mechanisms involved are not well understood, and no effective treatment
options are currently available. However, animal models of NASH now provide unique

opportunities for study of this disease in the laboratory setting.

This thesis employs a dietary animal model, which restficts methionine and choline intake, to
replicate aspects of the injurious process in human NASH. Two lines of inquiry are pursued.
The first involves an assessment of the effect of alcohol consumption on fatty liver of non-
alcoholic actiology. Elevated liver enzymes, altered levels of lipid peroxides, and increased
cytochrome P450 activity recorded in this study, suggest alcohol may exacerbate

nonalcoholic fatty liver disease.

The second line of ingquiry is an exploration of the role of Tumor Necrosis Factor alpha
(TNFa), a cytokine implicated in pathogenesis of alcoholic liver disease and thought to be
pivotal in NASH pathogenesis. The role of TNFa in the dietary model of NASH is
investigated using mice lacking functional TNFa genes, as well as wild type mice in which

expression of this cytokine is induced by endotoxin challenge. Endotoxin challenge does



elicit a marked inflammatory response and enhanced generation of lipid peroxides in the fatty
liver, both of which may contribute to injury. However, as knockout mice still develop
experimental NASH, TNFa cannot be considered the sole driving force required for the

development of NASH.

This strength of the project lies in the use of a variety of techniques (in the fields of
Pathology, Immunology and Lipid Biochemistry) to investigate a range of aspects of NASH.
The results of the alcohol study may provide the first empirical evidence supporting the need
to restrict alcohol intake in patients with NASH, while the data on TNFa is vifal for
illuminating the complex, (potentially) counter-intuitive role of this cytokine in NASH.
Where definitive conclusions cannot be drawn from the data, the questions posited may

constitute the basis for future research.

ii
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Chapter One

Introduction I: Overview of Nonalcoholic steatohepatitis



Introduction

1.1 Introducing Nonalcoholic Steatohepatitis: Definition and Scope

Ludwig et al. (1980) first coined the term non-alcoholic steatohepatitis (NASH) to
describe a form of liver disease then considered indistinguishable from alcoholic liver
disease, but present in persons who consume “insignificant” amounts of alcohol. Under
numerous synonyms such as fatty liver hepatitis, non-alcoholic steatonecrosis and
alcohol-like liver disease in non-alcoholics, a number of the pathological findings had
been described as early as the 1950s, at a time when ileal bypass surgery was a treatment
option for morbid obesity (Ludwig et al., 1997). However, what would later become
known as “NASH” remained obscure in the spectrum of liver disease for decades, and
relevant investigations were confounded by prevailing opinions such as those ascribing
characteristic hepatic lesions to post-surgical complications of bacterial overgrowth. This
was in spite of findings such as those of Thaler (1971), in which the existence of a fatty
liver disease resembling that of alcoholic aetiology but present in non-alcoholic, non-
surgical patients, was described. The progression of nonalcoholic fatty liver to a place of
prominence was further hampered by the absence of established and consistent
terminology, and the fact that published features such as the Mallory body were
previously considered pathognomic for alcoholic liver disecase. Consequently, patients
who denied a history of alcohol abuse were often dismissed as closet drinkers (Ludwig et

al., 1997).

Devising the descriptive term “NASH” brought the condition into sharper focus. Ludwig
et al. (1980) defined for the first time a real and separate entity (“a hitherto unnamed
disease™), and established the classical profile of the NASH patient as typically middle
aged, female and moderately obese, often with obesity-related diseases such as diabetes
mellitus. Patients in this study denied alcohol abuse and most consumed on average less

than one drink per week. In this landmark paper (Ludwig et al., 1980), macrovesicular
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fatty change “fatty cysts” were noted in all patients, primarily in zones 2 and 3 of

Rappaport.

It has since become clear that the histopathological definition of NASH is subject to a
wider range of interpretation than originally thought. The essential requirements for a
diagnosis of NASH, relating to steatosis (quantity and location), ballooning degeneration
of hepatocytes, inflammation (localization, composition and quantity), and the presence
of fibrosis and Mallory bodies, still foster some debate. In many studies, mild focal
macrovesicular steatosis (with steatosis defined as triglycerides exceeding 5% of liver
weight [Mach, 20007), and lobular inflammation {composed mainly of mononuclear cells)
have been considered sufficient for diagnosis of NASH. Others have insisted on the
presence of ballooning degeneration, and others still required neutrophils with or without
fibrosis (Brunt et al, 1999; Brunt, 2001). The quantity of alcohol considered to be
“insignificant” also varied, ranging from <20g/day to 210g weekly (Bacon et al., 1994;
Teli ef al., 1995; Brunt et al., 1999; Brunt, 2001). This final point presents a challenge if
one must determine how much, if any, of the damage observed and attributed to NASH is

actually the result of alcohol-mediated hepatoxicity.

Clearly, a moderate consensus must be reached, for if the requirements for consideration
are too broad, patients may be inappropriately diagnosed. If requirements are too strict,
only the severest cases would be considered eligible, presenting a narrow and misleading
picture. Criteria continue to differ between publications, which may offer one reason for
differing observations among various investigations. The term nonalcoholic fatty liver
disease (NAFLD) may come to represent a more comprehensive and useful description,
and subdivided into categories it takes into consideration the range of disorders

encompassing everything from bland steatosis, to the features commonly identified with
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NASH (i.e. NAFLD types 3 and 4), as shown below (Matteoni et al., 1999):

Type 1: Steatosis

Type 2: Steatosis plus lobular inflammation

Type 3: Steatosis, lobular inflammation plus ballooning degeneration

Type 4: Steatosis, ballooning degeneration, Mallory bodies, + fibrosis

For the purpose of this study, we have adapted the definition of Brunt et al. (1999),
Matteoni et al. (1999) and Brunt (2001), in which NASH is viewed as an idiopathic,
chronic form of liver disease present im persons who comsume an insignificant
amount of alcohol (<20g/day), characterised by steatosis, lobular inflammation
(including polymorphonuclear leukocytes), and ballooning degeneration. Mallory
bodies and fibrosis may or may not be present. Other features which may occur but are
not largely considered helpful in diagnosis include fatty cysts, glycogenated nuclei,
lipogranulomas, granular iron pigment and intrahepatocellular mega-mitochondria (Brunt,
2002). Substantial alcohol consumption must be ruled out by a detailed history, and
sometimes by random blood assays for estimation of ethanol levels, and serum
desialylated transferrin, a marker of alcohol consumption. Other potential causes of fatty

liver such as metabolic/hereditary liver disease must also be appropriately excluded

(Lonardo, 1999).

Histological evaluation for NASH can be conducted on routinely processed liver biopsies,
and should include hematoxylin and eosin (H&E) stained sections of two or more levels
for overall assessment of inflammation, hepatocyte injury and fibrosis. Fibrosis should be
assessed by Masson’s trichrome, sirus red or other stains for collagen; and Gordon and
Sweet’s silver stains are useful for assessment of the recticulin framework (Brunt, 2002).
The periodic-acid Schiff stain after diastase predigestion (D/PAS) will show debris in
Kupffer cells, and eosinophilic globules in periportal hepatocytes (Brunt, 2001). An iron
stain, such as Prussian blue, evaluates hepatocellular granular iron, but is not necessary

for diagnosis. If specific fat stains are required, samples must be preserved accordingly,
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as lipid is lost as a result of exposure to organic solvents during processing and paraffin

embedding.

The microscopic and macroscopic aspects of NASH have been described. It is
noteworthy that while histological features of NASH, as originally described (Ludwig et
al., 1980; Brunt, 2002), are largely homogeneous, they are not necessarily indicative of
aetiology. Furthermore, no single pathological feature is pathognomic for NASH;

diagnosis is based rather on a variety of microscopic findings.

Microscopic aspects

Steatosis in NASH is typically macrovesicular. At the light microscopic level, the lipid
presents as a single large droplet within the hepatocyte cytoplasm, displacing the nucleus
to the periphery of the cell. In some of the more severe cases, however, mixed macro-
microvesicular steatosis has been observed. Fatty change and ballooning degeneration
are accentuated in (but not necessarily exclusive to) zone 3.  Steatosis and
necroinflammation may no longer be apparent in late-stage, so-called bumed out NASH

with cirrhosis (Brunt, 2001).

Inflammation is typically lobular (although portal inflammation has been recorded and
may represent advanced stages of NASH (Bacon er al., 1994; Marceau ef al., 1999), and,
according to the definition used here, must necessarily include polymorphonuclear
leukocytes (PMN). In severe NASH, PMN may be noted in association with ballooned
hepatocytes (Brunt, 2001). Immunohistochemical typing of the inflammatory infiltrate
typically shows mild to moderate quantities of CD4 and CD8 positive T cells (Marceau et
al., 1999; Lefkowitch er al., 2002), present in roughly equal quantities. B cells are only
rarely present. The infiltrate contains a large number of macrophages/Kupffer cells. In
perivenular regions, aggregates of these are visible even at low magnification,

characterized by enlarged, rounded cell bodies, often containing numercus densely
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stained intracellular particles. Along sinusoids in zones 1 and 2, they tend tol be
nonaggregated, individual cells with elongated, tapering appearances identical to those in
normal liver (Lefkowitch et al., 2002). If confirmation of the Kupffer cell magnitude is
required, it may be necessary to perform D/PAS and/or immunohistochemical stains for
detection of CD68 (or immunocytochemical detection of F4/80), as the unexpected
potential exists for misidentification of these cells as lymphocytic or endothelial in
routine light microscopy (Lefkowitch et al, 2002). Lipogranulomas have occasionally
been reported in portal tracts or lobules (Bacon et al., 1994; Brunt, 2001). They are
typically small and may comprise collections of fat-laden Kupffer cells, as well as

surrounding lymphocytes.

Hepatocellular injury manifests primarily as ballooning degeneration, with or without
apoptosis or necrosis (Brunt, 2001). Ballooning degeneration, the result of microtubule
dysfunction and accumulated intracellular fluid, is characterized by swollen hepatocytes
with finely granular cytoplasm, usually in zone 3 (Burt ez al., 1998). Collections of
ballooned hepatocytes often co-exist near steatotic counterparts. Other features of note
include vacoulated glycogenated nuclei; enlarged mitochondria (“megamitochondria”)
containing “true” crystals of as yet unknown composition, which occur as linear bundles
displacing, or continuous with, the cristae (Caldwell, 2002); and Mallory’s hyaline
(perinuclear, ropy inclusions consisting of aggregated cytoskeletal peptides, heat shock
and tau proteins) found in ballooned hepatocytes of adult but not paediatric cases of
NASH. Small, densely staining, eosinophilic fragments in the sinusoids (acidophil

bodies) represent remnants of apoptotic cell death (Brunt, 2001).

The incidence of fibrosis associated with NASH ranges from 41-100% in various studies
(Ludwig et al., 1980; Itoh et al., 1987; Pinto et al., 1996). Fibrotic severity is thought to
correlate with steatosis and age, but not with inflammation or glycogenated nuclei

(Marceau e al, 1999). Initial collagen deposition occurs in perivenular regions and
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perisinusoidal spaces of zone 3. In some areas, single cells become surrounded by
collagen in a pericellular pattern referred to as “chicken wire fibrosis”. These features
have also been described in alcohol-induced steatohepatitis (ASH), and serve to
distinguish ASH and adult (but not paediatric [Lavine, 2002]) NASH from other forms of
liver disease, in which initial fibrosis shows a portal distribution (Brunt, 2001; Angulo,
2002a). As NASH progresses, fibrosis may become periportal, then bridging. The latter
is considered the final stage preceding cirrhosis (Angulo et al.,, 1999; Brunt, 2001). A
staging for fibrosis in NASH is shown below (Brunt ef a/., 1999; Brunt, 2002):

Stage 1: Zone 3 perisinusoidal/pericellular fibrosis, focal or extensive

Stage 2: Zone 3 perisinusoidial fibrosis, focal or extensive periportal fibrosis

Stage 3: Perisinusoidial and portal fibrosis, bridging fibrosis

Stage 4: Cirrhosis, with or without residual perisinusoidal fibrosis

Finally, the degree of iron deposition is of continuing interest. Although the role of iron
in NASH remains the subject of some controversy, various studies have noted elevated
serum ferritin (iron-storage protein) and mild hepatic iron deposition in hepatocytes and
Kupffer cells of patients with NASH (Ludwig ef al., 1980; Bacon ef al., 1994). Raised
serum ferritin is also thought to be a component of the insulin resistance syndrome
(Fernandez-Real et al., 1998), which shares many epidemiological features and metabolic
derangements with NASH (Cigolini ef al., 1996; Lonardo, 1999). A mixed pattern of iron
deposition in hepatocyes and sinusodial cells ~ decreasing in a gradient from Rappaport
zones 1 to 3 — has also been described in patients with insulin resistance (Turlin ef al.,
2001). The relationship between iron and fibrosis in NASH remains unresolved,
however, with some studies reporting a positive correlation (George ef al., 1998) while

others report none {(Brunt ef a/., 1999; Younossi ef al., 1999).

Macroscopic and laboratory findings
Patients with NASH are often identified incidentally during investigations of
asymptomatic elevations of liver enzymes, i.e. aspartate aminotransferase (AST) and

alanine aminotransferase (ALT), which are indicative of liver injury. It has been
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suggested that an AST/ALT ratio lower than 1 is highly suggestive of NASH (Zamin et
al., 2002), although some patients may have normal liver enzymes (Garcia-Monzon ef al.,
2000). A high AST/ALT ratio appears to be a good indicator of patients at risk for
fibrosis (Angulo et al., 1999; Shimada ef al., 2002). The use of high mean corpuscular
Hb, gamma glutamyl transferase, desialyated transferrin (Harrison ef al., 2002) and serum
thioredoxin, a stress-inducible thiol-containing protein (Sumida ez al., 2003), have been

suggested as supplementary indicators of NASH, but data remains scant,

Lipid profiles indicate 90% of patients with NASH have some form of dyslipidaemia.
Plasma fasting triglycerides (TG) are elevated (mean 4.0 mmol/L), with or without low
levels of high density lipoprotein (HDL) and raised total cholesterol, in 73% (Knobler ef
al., 1999). It noteworthy, however, that half the patients in this study had type 1 NAFLD
liver only (i.e. steatosis without inflammation). In a more recent study, LDL-cholesterol
was found to be significantly elevated while ApoAl was decreased in patients with NASH
(Koruk ef al., 2003). Surprisingly, this study also reported elevated levels of Apo B,

though another study (Charlton et al., 2002) reported reduced levels.

Finally, the presence of metabolic derangements such as hyperinsulinemia, insulin
resistance, obesity, hypertension and glucose intolerance may also be indicative of

NASH.

1.2 Prevalence

It is surprisingly difficult to comment accurately on the prevalence of NASH. Since most
patients are asymptomatic at the time of d}'agnosis and thus discovered “accidentally”, it
is possible only to speculate on the number of unreported cases. The methods employed
in reaching a diagnosis also vary between studies, ranging from computerized

tomography (CT), ulirasound, autopsy findings, liver biopsy (Yu and Keefe, 2002),
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magnetic resonance imaging (MRI) and 'H magnetic resonance spectroscopy ('H MRS)
(Garg and Misra, 2002). Table 1.2.1 shows the prevalence of NAFLD and NASH
documented by some of these techniques. It is worth mentioning that CT and MRI may
be falsely affected by oedema, glycogen accumulation and inflammation.
Ultrasonography, which picks up echogenicity (“liver brightness”) as a result of
ultrasound scatter by fat droplets, will not detect the presence of inflammation.
Furthermore, this screening technique is likely to pick up hepatic fat only when it exceeds
25-30% (Lonardo, 1999; Saadeh et al., 2002), vastly underestimating the actual
prevalence. Liver biopsy, an invasive procedure, is not generally conducted unless
deemed necessary, and thus introduces a selection bias. Errors may also arise from
variations in reproducibility of findings/differences of interpretation among pathologists.
A study showed substantial or moderate concordance in evaluation of extent of steatosis,
grade and location of fibrosis, vacuolated nuclei and ballooning degeneration, but poor
agreement in assessment of parameters of inflammation (Brunt, 2002). In addition, it
may not highlight cases of so-called cryptogenic cirrhosis, which may be burned out
NASH in which the features characteristic of the disease are no longer apparent (Ludwig
et al., 1997; Brunt, 2001; Avata ef al, 2002). Finally, demographics emphasised in
various studies differ considerably, focusing on specific sectors of a given population.

Table 1.2.2 gives a summary of some of the landmark papers.

Table 1.2.1: Prevalence of NAFLD and NASH assessed by various techniques (Yu and

Keefe, 2002)
Technigue NAFLD NASH
LFTs (NHANES) 28% -
Liver biopsy 15-39% 1-32%
Autopsy 16-24% 2.1-2.4%
Ultrasound 16-23% -
Computerised tomography 9.7% -




Table 1.2.2: Demographics of patients with NASH (Yu and Keefe, 2002)

Author Year | Number | Per cent | Per cent | Per cent with | Per cent with
in Study | female (%) | obese (%) diabetes elevated
mellitus (%) triglycerides
(%)
Ludwig 1980 | 20 65 90 50 67
Itoh 1987 | 16 75 100 5 63
Diehl 1988 | 39 81 71 55 20
Lee 1989 | 49 78 95 51 -
Powell 1990 | 42 83 95 36 81
| Bacon 1994 | 33 42 39 21 21
Laurin 1996 | 40 73 70 28 -
Pinto 1996 | 32 75 47 34 28
Matteoni 1999 | 132 53 70 33 92
Angulo 1999 | 144 67 60 28 27

Tntroduction

In spite of these pitfalls, it is possible to speculate on the prevalence of NAFLD. NAFLD
Type 1 has been estimated at 14-25% of eastern and Italian populations in clinical
surveys, 10% in a Saudi Arabian radiological series (Lonardo, 1999) and 14% in Japanese
non-drinkers (Harrison er al., 2002). The prevalence of NAFLD in the United States
appears to average about 20%, while the prevalence of NASH (NAFLD types 3 and 4) is
approximately 3%, making these conditions the most common liver diseases in that

 country (Harrison ef al., 2002; Yu and Keefe, 2002).

1.3 Risk Factors and Associations

The factors associated with/predisposing to development of NASH appear to be age,
gender, type II diabetes mellitus and insulin resistance, hyperlipidemia, obesity, surgical
procedures for obesity (gastroplasty) and other factors causing profound and rapid weight

loss (e.g. bulimia), and inherited abnormalities,

Age
Although NASH has been documented in children (Moran ef al., 1983; Rashid and
Roberts, 2000; Lavine , 2002) and adults of all ages, it appears to be most common in

individuals in their fourth to sixth decades of life (Reid, 2001; Harrison ef al., 2002).
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Gender

The classical patient with NASH is female, middle aged and obese (Ludwig ez al., 1980;
Chitturi and Farrell, 2001; Ludwig, 1997), and many authors have been compelled to
describe this as a condition affecting primarily individuals with these features. It is
noteworthy, however, that as shown in Table 1.2.1, many studies display a paucity of
male subjects, which raises questions of sampling bias. Furthermore, it has been noted
that in studies of paediatric NASH, boys outnumber girls 2:1, although it is hot known
whether this ratio is representative of the overall paediatric population (Lavine, 2002).
Finally, in a revolutionary study by Bacon ef al., (1994), results indicated that NASH was

also frequently seen in young, lean males.

In spite of this, it is interesting that a relationship between gender and sustained liver
damage has been described in two animal models of NASH (Tessitore et al., 1995; Kirsch

et al., 2003).

Type 11 diabetes mellitus (DMII) and insulin resistance (IR)

The association of DMII and IR with NASH is neither surprising nor coincidental, since
many aspects of importance in DMII (hyperinsulinemia, obesity and hyperlipidemia) also
factor prominently in NASH. In one study, a history of DMII was reported to increase the
risk of NASH 2.6-fold (Wanless and Lentz, 1990), while a review concluded that up to
one third of patients with NASH have diabetes or fasting hyperglycemia at the time of
diagnosis (James and Day, 1998). More recently, it has been estimated that IR is present
in almost all patients with NAFLD, irrespective of the co-existence of impaired glucose

tolerance or obesity (Day, 2002a).

11
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Hyperlipidemia

It is estimated that 20-90% of patients with NASH have concurrent abnormalities of lipid
metabolism. Elevations of triglyceride, sometimes accompanied by increases in total
cholesterol, have been noted (Knobler ef /., 1999; Chitturi and Farrell, 2001). Abnormal
triglyceride storage and impaired metabolism are thought to be crucial to development

and pathogenesis of NASH, since corrections of this lead to improved liver function tests.

Obesity

According to Ludwig ef al. (1997), “fat people have fat livers.” Steatosis occurs in 70%
of those 10% above ideal body weight and 100% of the morbidly obese (body mass Index
[BMI] greater than 30kgm™). 40-100% of patients with NASH in clinical studies are also
obese; furthermore, when adjusted for age and gender, obesity and diabetes are more
prevalent in patients with cryptogenic cirrhosis than in individuals with liver diseases due
to other, well-defined causes (Ratziu et al., 2000; Gholam et al., 2002; Harrison et al.,

2002; Yu and Keefe, 2002).

Recent reports suggest, however, that fat distribution rather than mere quantity is of
importance (Shaffer, 2002). Thus abdominal obesity, defined as a waist/hip ratio of >0.95
in males and >0.8 in females (Lean ef al., 1995), identifies those more likely to be at risk

of developing NASH.

Gastric modification procedures

For patients unable to commit to a lifetime of caloric restriction, for whom all other
alternatives have failed, surgery lends itself as a treatment for morbid obesity. Given the
prominent place of obesity in NASH, one would expect combating obesity to improve
steatohepatitis. Indeed, although steatosis regresses after gastroplasty (Ranlov and Hardt,
1990), most reports find that lobular inflammation is increased (Peters et al, 1975;

Luyckx et al., 1998; Luyckx et al., 2000; Chitturi and Farrell 2001). Complications

12



Introduction

following gastric bypass surgery are similar to those found in ASH, are probably
mediated by endotoxin, and have been known to progress to cirrhosis and liver failure. A
comparison of various surgical treatments for morbid obesity observed the most critical
complication in patients submitted to jejuno-ileal bypass (JIB), and the best clinical
outcomes with bilio-intestinal bypass (BIB) and laparoscopic adjustable gastric banding

(Doldi, 1998).

NASH is also associated with other causes of rapid and profound weight loss such as

bulimia and fasting (Chitturi, 2001),

Genetics

Inherited disorders may predispose individuals to NASH. Classes of candidate genes
thought to be involved include

¢ Genes influencing patterns and quantity of adipose tissue deposition such as ob
(which codes for the satiety factor leptin, and is thought to be involved in genetic
lipodystrophy syndromes), the genes for anti-insulin hormone resistin, apolipoprotein E,
(involved in hepatic lipid storage), microsomal triglyceride transfer protein (MTP), and
apolipoprotein B, both of which are involved in hepatic lipid transport by very low
density lipoprotein (VLDL) (Bernard ef al., 2000; Charlton ef al., 2002; Day, 2002a; Day,

2002b; Garg and Misra, 2002).

¢ Genes affecting the nature and rate of fatty acid oxidation such as genes involved in
mitochondrial B-oxidation (e.g. peroxisome proliferator alpha, PPAR), leptin, and genes
for the drug and steroid metabolising enzymes of the P450 class (Leclercq er al., 2000;

Barzilai , 2002; Day, 2002b).
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¢ Genes affecting the body’s ability to cope with oxidative stress, such as genes coding
for mitochondrial manganese superoxide dismutase (MnSOD, which inactivates
superoxide anion O,"), uncoupling protein 2 (UCP2), copper/zinc superoxide dismutase,
aldehyde oxidase, and catalase. A 5kb gene deletion which is associated with Kearns-
Sayer mitochondrial myopathy has been rarely described in mitochondrial DNA of
patients with NASH and may affect hepatocyte susceptibility to oxidative damage
(Caldwell er al, 1999; Caldwell, 2002; Cortez-Pinto and Diehl, 2002; Day, 2002b;

Sreekumar e al., 2003).

¢ Genes directly or indirectly affecting insulin semsitivity and action such as glucose-
6-phosphatase, hepatocyte-derived fibrinogen-related protein and leptin (Sreekumar ef al.,

2003).

¢ Genes encoding cytokines, or otherwise involved in immunomodulation

Raised serum, hepatic and peripheral fat tumour necrosis factor alpha (TNFo) have been
reported in patients with NASH, linked directly to elevated levels of transcription.
Patients with NASH are also thought to express significantly higher levels of TNFo type 1
cellular receptor (p55) than normal controls (Crespo et al., 2001; Wigg ef al., 2001), and
have higher prevalence of the so-called 238 or TNFA allele. The presence of this or a
second polymorphism (308 or TNF2) is also associated with higher IR indices (Valenti,
2002). Animal models of hepatotoxicity also suggest a role for other proinflammatory

cytokines such as interleukins (IL) 12 and —18 (Tsutsui et al., 1997; Li et al., 2002).

Leptin, recently also identified as a potential modulator of immunity, may play a role

(Diehl, 2002).
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¢ Genes involved in iron metabolism

A potential role for iron in the pathogenesis of NASH has been described (Fargion, 2001),
though this remains c?mtroversial (Younossi et al, 1999; Chitturi er al, 2002).
Significant associations between C282Y — a missense mutation in the gene encoding a
human leukocyte antigen class I-like molecule (HFE) — and NASH, have been reported

(Fargion et al., 2001; Chitturi ez al., 2002).

Drugs

Although sometimes listed as a cause of NASH, drug-related complications resulting in
fatty liver are more appropriately called drug-induced steatohepatitis. Some drugs which
cause this include amiodarone, perhexiline and coralgil (cardiovascular drugs), bleomycin
(cytotoxic anti-tumour), chloroquine (anti-malarial), estrogens and estrogen receptor
ligands, and methotrexate (psoriasis), (Burt es al, 1998; Chitturi and Farrell 2001;

Langman et al., 2001).

1.4 Diagnosis

Diagnosis of NASH should be based on a battery of tests, the results of which must
conform to certain requirements (see 1.1), since most patients are asymptomatic at time of
presentation. Some patients complain of generalized fatigue, lethargy, mild epigastric or
right upper quadrant pain. Hepatomegaly may be found in up to 25% of patients (Bacon
et al., 1994; Harrison ef al., 2002). Laboratory examination would usually indicate raised
serum liver enzymes and should ideally be negative for blood ethanol and markers of
ethanol exposure. These biochemical findings can be correlated with ultrasonography,
CT or MRI scané, though the pitfalls of these have been described (see 1.2). Liver biopsy
remains the pold standard for accurate diagnosis, grade and stage of liver injury and
determination of prognosis (Brunt, 2001), however whether it should be undertaken for all

suspected cases is controversial. Some authors argue it is required to confirm
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abnormalities consistent with NASH, thus eliminating the risk of assuming a patient has
uncomplicated, benign steatosis (Talwalkar, 2002). Others (Laurin, 2002) argue that
NAFLD and NASH are “diseases of exclusion” which can often be identified with
reasonable accuracy once laboratory findings are correlated with risk factor assessment.
Furthermore, although there is <1% risk of serious post-biopsy complications, up to 5%
may require hospitalization (sometimes days or weeks later). The procedure fails to
obtain tissue in 2% of cases (Laurin, 2002), and how indicative biopsy-sized specimens
are of overall liver condition is unknown. Finally, the high cost of the procedure makes it
inaccessible to individuals unable to finance it. 'H MRS has been recommended as a
specific, accurate and non-invasive method for estimation of generalized hepatic fat:
methylene proton signals are specific for mobile triglycerides in vivo and create a clear
resonance peak. However, it gives no indication of inflammatory status or stage of

fibrosis (Garg and Misra, 2002).

Recently, a scoring system has been proposed as a simple means of diagnosing NASH
(Dixon ef al., 2003). The HAIR system combines the presence of hypertension, elevated
ALT (>40 IU) and raised IR index (>5.0) as a simple sum. Each component is equally
weighted and assigned a value of 1, for example

HAIR score 1: Obesity, ALT <40 IU, IR index <5.0

HAIR score 2: Obesity, ALT >40 IU, IR index <5.0

HAIR score 3: Obesity, ALT >40 IU, IR index >5.0

The authors speculate that a score of 3 “virtually assures the presence of NASH”.

1.5 Natural History

Retrospective studies with prolonged follow-up show that steatosis is a benign condition
in the absence of pre-existing fibrosis or steatohepatitis (Teli ef al., 1995; Matteoni ef al.,
1999). Factors affecting the progression of steatosis to steatohepatitis and fibrosis are not
clear, but appear to include the initial degree of fat accumulation, and any number of

superimposed, 'exacerbating variables or “hits” (Day and James, 1998). Patients
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circumscribed by the constellation of risk factors for NASH (see 1.3) have also been
identified as potential candidates for progressive NAFLD. Once NASH develops, there is
the potential for development of cirrhosis in 19-50% (Brunt, 2001; Angulo, 2002a; Day,
2002c¢; Harrison ef al., 2002). NASH is believed to be a common underlying causes of
cryptogenic cirrhosis, the end stage of chronic hepatic disorders in which the underlying

aetiology is unknown (Ayata et al., 2002).

Some authors suggest hepatic steatosis is a premalignant condition in animal models
{Goshal and Farber, 1993; Yang er al, 2001). More recently, features suggestive of
advanced NASH have been linked to hepatocellular carcinoma (HCC) in humans,
strongly suggesting that HCC may be part of the natural history of the disease (Bugianesi

et al., 2002; Shimada ef al., 2002b).

1.6 Therapy

Where possible, treatment of NASH should aim to combat the factors considered crucial
to development of the disease. Liver transplantation for treatment of end stage liver
disease resulting from advanced NASH, without treatment of initiating factors, simply
results in recurrent NASH and even cirrhosis (Molloy et al., 1997). Diet regulation and
exercise remain the cheapest, safest forms of therapy where NASH is associated with
obesity, and studies have recorded reduction of liver enzyme levels and improvement of
histology, so long as the rate of weight loss does not exceed 1.6kg/week. Where weight
loss and/or exercise are impossible and hyperlipidemia is present, an antihyperlipidemic
medication such as a fibrate may be of benefit. Fibrates are ligands for the nuclear
receptor hormone, peroxisome proliferator-activated receptor alpha (PPARa). The
liganded PPARx dimerises with its receptor RXR, and the complex acts on promoters of

genes involved in lipid metabolism (Schoon ef al., 1996). In general, B-oxidation of fatty
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acids is increased, plasma triglyceride is decreased, and high density lipoprotein (HDL) is

increased (D. Marais, personal communication).

Cytoprotective agents such as ursodeoxycholic acid (UDCA), which are thought to have
membrane stabilizing and antiapoptotic activity, are safe, have few drug interactions, and
show promise in four preliminary studies (Angulo, 2002c; Neuschwander-Tetri and
Caldwell, 2003). The use of antioxidant agents has been equally promising in adult and
paediatric studies. Of note are betaine (a normal component of the metabolic cycle of
methionine, which indirectly increases levels of the cellular antioxidant glutathione), and

vitamin E or a-tocopherol (which is known to protect against membrane lipid

peroxidation and suppress a host of ¢ytokines, including TNFa).

Where NASH is associated with IR, antidiabetic medications may be helpful. Metformin
(a biguanide that sensitises to insulin, diverts fatty acids from triglyceride production to
mitochondrial B-oxidation, and decreases hepatic TNFa) has been used with success in
animal models and human studies, It has been known, however, to produce lactic
acidosis in patients with liver disease (Lin ez al., 2000; Angulo, 2002c¢; Lieber, 2002;

Mehta ef al.,, 2002; Neuschwander-Tetri and Caldwell, 2003).

In conclusion, NASH has emerged over the past two decades as a chronic form of liver
disease associated with obesity and DMII but also present in lean, nondiabetic
individuals. A variety of techniques are available for diagnosis, however liver biopsy
remains the gold standard. Treatment options should be tailored to combat factors
considered crucial to disease development and progression, and to counteracting relevant

pathogenic mechanisms, which are discussed in detail in the following chapter.

18



Chapter Two

Introduction II: Pathogenic Mechanisms in NASH
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2.1 Animal Models in NASH Research

Much of what is now known of the pathogenesis of NASH has been obtained from animal
models of the disease. In order to put the current body of knowledge in context, an
overview of the most frequently used models is presented (Koetish and Diehl, 2002).
Models of lipotrope deficiency

An extensively documented model for acquired steatohepatitis is a dietary one, which
restricts lipid-clearing compounds (lipotropes) such as choline (Ghoshal and Farber,
1993). Hepatic triglyceride trapping in this model is believed to be the result of deficient
very low density lipoprotein (VLDL) synthesis. Choline is required for synthesis of
phosphatidylcholine (PC), a major component of VLDL, which in turn is the medium for
hepatocyte secretion of triglyceride and cholesterol ester. The cytidine diphosphocho
(CDP)-choline pathway, which is vital to all mammals, is the major pathway for PC
biosynthesis. It is summarized below:

A ATP  ADP

HOCH,CH,N(CH;); —=SZZZ g, PO,CH,CH,N(CH;) 5 (phosphocholine)
{choline) choline kinase CcTP

PPi

PO;PO,CH,CH,N(CHy); (cytidine diphosphocholine / CDP-choline)

B. Phosphorylcholine transferase
CDP-choline + diacylglycerol P PC

An alternative pathway for phophatidylcholine synthesis relies on sequential methylation
of phosphatidylethanolamine (PE). The enzymes primarily involved are
phosphatidylethanolamine N-methyltransferase I (located on the endoplasmic reticulum)
and II (associated exclusively with liver mitochondria-associated membrane). The methyl
group donor in this pathway is S-adenosylmethionine (SAMe). Therefore, if both
pathways for PC synthesis are blocked by dietary restriction of the relevant precursors

{methionine and choline), hepatic triglyceride accumulates rapidly.
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The model is straightforward and relatively inexpensive. Rodents rapidly develop fatty
change and inflammation, along with necrosis and compensatory hepatocyte proliferation
(Ghoshal et al., 1983; Ghoshal and Farber, 1993; Kirsch et al., 2003). As discussed later,
models of methionine and choline deficiency (MCD) have illuminated aspects of
importance in pathogenesis of NAFLD such as the role of oxidative stress and lipid
peroxidation. SAMe, to which methionine must be converted in order to partake in many
metabolic functions, plays pivotal roles in metabolic transmethylation, transsulfuration
and aminopropylation. Via transmethylation reactions, SAMe serves as a primary
universal donor to a variety of acceptors, including nucleic acids, proteins, phospholipids
and amines. The common product in these reactions is S-adenosylhomocysteine (SAH).
As a result of SAH’s inhibitory effect on SAMe-mediated reactions, its rapid and efficient
removal from the system is essential. It is hydrolyzed to homocysteine and adenosine by
SAH hydrolase at a rate directly proportional to the rate at which these products can, in
turn, be expelled from the system. Metabolism of homocysteine proceeds via two
pathways, remethylation and transsulfuration, both of which are also regulated by SAMe.
An ultimate product of transsulfuration reactions is cysteine, one of three amino acids
found in glutathione, the systemic proctectant against oxidative stress. It is believed that
oxidative stress in the MCD model is at least partially the result of depletion of this vital

antioxidant (Lieber, 2002; Licber and Packer, 2002).

Over prolonged periods, MCD-generated steatohepatitis progresses to fibrosis and
cirrhosis (Ghoshal and Farber, 1993). In this regard, the model lends itself well to
investigations of the mechanisms predisposing to fibrosis and cirthosis in human NASH.
Regrettably, however, animals subjected to a MCD diet (MCDD) lose rather than gain
weight, and are not known to be insulin resistant. At this juncture, the MCD model parts
with human NASH, and other models bearing these important features must be looked to

for answers.
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Genetically obese mice

Several genetic alterations have been described which lead to steatosis, obesity and
hyperinsulinemia in rodents. The models described here share in common mutations
affecting expression or activity of leptin. First identified as a satiety hormone, which
inhibits feeding behaviour and increases energy expenditure by interaction with receptors
(Ob-Rb) on hypothalamic neurons, leptin is now known to regulate diverse phenomena.
These include immune modulation, angiogenesis and matrix deposition during wound
healing. The wide range of cells (endothelia, macrophages, lymphocytes and hepatic
stellate cells) and tissues (lungs, pancreas, kidney) expressing Ob-Rb, may suggest many

other unknown functions (Ikejima ef al., 2001; Diehl, 2002).

The ob/ob model utilizes mice with a null mutation in the ob gene, preventing leptin
synthesis. Zucker rats (fa/fa) and diabetic db/db mice (Lee ef al., 1996; Takaya et al.,
1996) have mutations in the leptin receptor, leading to leptin resistance. Recently, three
new spontaneous mutations (Lepr®™, Lepr®™™ Lepr®™) have also been described
(Kim et al., 2003). These models appear to be a more realistic approximation of human
NAFLD/NASH. However, it has been observed that functional leptin may be pivotal in
progression to fibrosis (Tkejima et al., 2001; Leclercq et al., 2002; Saxena et al., 2002).
Consequently, genetically obese mice appear to be protected from fibrosis resulting from
exposure to hepatotoxic agents. A full understanding of the pathogenesis of NAFLD
(steatosis to cirrhosis) will therefore require detailed investigations of both the MCD and

genetically obese models of fatty liver.

Lipoatrephic mice

Strains of genetically altered mice lacking adipocytes or with impaired adipocyte
differentiation have generalized lipoatrophy. Since leptin is produced primarily by
adipose tissue, these mice are leptin deficient. They also display similar phenotypic

features to those found in genetically obese mice which are characteristic of
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NAFLD/NASH such as fatty liver disease, IR, and elevated TNFa.. These models are
invaluable because they stress that obesity is not mandatory for development of NAFLD,
which rather is the result of a complex interplay involving cytokines, leptin and

disturbances of lipid metabolism.

In conclusion, it is noteworthy that no animal model is an ideal representation of NASH.
A comprehensive understanding of the pathogenesis of the disease will probably be best

served by combining findings from the various models.

2.2 Pathogenic Mechanisms in NASH

2.2.1 Lipids and lipid metabolism

Dietary lipids consist of about 90% triglyceride (triacyglycerols or TG). The rest is made
up of free and esterified cholesterol (FC, CE), phospholipids (PL), and some plant sterols.
The highly apolar nature of lipids presents a unique problem if they are to be accessed and
utilized in a highly polar solvent system such as the human body. Dietary lipid must
therefore undergo a number of changes during digestion and absorption (Mead ef al.,

1986; Gurr and Harwood, 1991).

Entry of food into the duodenum from the stomach stimulates the secretion of enteric
hormones, which in turn stimulate the gallbladder to deliver stored bile, and the liver to
secrete fresh hepatic bile. Enteric hormones also stimulate secretion of pancreatic juice,
which contains TG lipase (TGLp) and colipase. The lipase-colipase-bile salt complex
(LCBC) is regarded as the enzyme unit responsible for interaction with the digestive fat
emulsion. Pancreatic lipase (TGLp), which acts at an oil-water interface, is specific for

water-insoluble TG containing long-chain fatty acids, as shown below. It will also

23



Pathogenesis

hydrolyze water soluble TG, but such reactions lead to rapid and irreversible inactivation

of the enzyme, thus are dependent on bile acid salt conjugates for stability.

Triglyceride + H,0 4 1,2-diacylglycerol + fatty acid

1,2-diacylgycerol + H,0O - 2-acyglycerol + fatty acid

As part of the LCBC, bile salts are also responsible for promoting emulsification of
monoacylglycerols, free fatty acids and even unhydrolyzed TG, and later, for the
formation of mixed micelles with monoacylglycerols and fatty acids. In spite of this, at
high concentrations (0.3-0.8M) these salts form a strong complex with TGLp, displacing
it to the aqueous phase and inhibiting action of the enzyme. The role of colipase is
therefore to act as a counteracting influence by forming a tight complex with TGLp and

maintaining its interfacial recognition.

As mentioned above, it is believed that emulsified TG entering the duodenum from the
stomach are subjected to the actions of TGLp, which releases monoacylglycerols and free
fatty acids (FFA). The fate of PL is similar, with hydrolysis at the 2-acyl group by a
phospholipase being the initial and relevant step preceding absorption. The products of
hydrolysis, with bile acids, form water-soluble mixed micelles that shuttle lipids between
the intraluminar emulsion and the absorptive surface of intestinal epithelium. At the
surface, glycerol, being water soluble, diffuses through the cell membrane. Bile salts
leave the micelle and are resorbed from the ileum, from where they return to the liver.
The intestinal uptake of lipolytic products from the micellar phase into the mucosal cell
may be mediated by a non-energy-dependent passive process. Short chain fatty acids are
then transported directly into the portal blood, partly in solution or as albumin-bound fatty
acid. Medium chain fatty acids pass directly through the cells into portal circulation or

are occasionally re-esterified into triglycerides within the absorptive cells. Long chain
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fatty acids are re-esterified into triglycerides and become part of chylomicrons. The re-
esterification process is associated with the endoplasmic reticulum of the mucosal cells,
and may occur either by (1) sequential acylation of 2-monoacyglycerol from earlier TG
hydrolysis (the fate of 85% re-esterified TG), or (2) the action of glycerol kinase and

acyltransferases on glycerol liberated from TG hydrolysis or glycolysis.

Chylomicrons and VLDL function vitally to transport and provide fatty acids derived
from dietary lipids for metabolic purposes. In order for this to happen, longer chain fatty
acids {(now mainly as reconstituted TG) are packaged into a lipoprotein complex with
apolipoproteins (APO B48 for chylomicrons, APO B100 for VLDL). From the
enterocyte, lipoproteins diffuse to the central lacteals, and through the lymphatic
endothelium. They are then transported via the lvmphatic system to the blood, to be taken
fo sites for utilization or storage. During passage through the blood, the action of
lipoprotein lipase progressively hydrolyses the TG component of chylomicrons or VLDL,
progressively leaving denser particles depleted in TG and more enriched in PL, C and CE.

Remmants of chylomicrons and VLDL retumn to the liver,

¢ B-Oxidation

Fatty acids (FA) resulting from the processes detailed above are carried to requisite cells
where they are transferred to binding sites on the cell membrane. The non-esterified FA
are transferred across the bilipid membrane and transported through the cytoplasm
complexed to low molecular weight fatty acid binding proteins (FABP), which present
~ them at the outer mitochondrial membrane. Here, FA are converted to their coenzyme A
{coA) derivatives by acyl-coA synthetase. Translocation of these derivatives across the
inner membrane must be assisted by carnitine acyltransferases (I and II, located on the
inner and outer surfaces of the membrane respectively) and a translocase, since the inner

membrane is poorly permeable to long chain fatty acyl-coA derivatives. Once the acyl-
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coA is on the inner face of the second mitochondrial membrane, the first steps of -
oxidation take place. In short, this pathway consists of a spiral of events culminating in

thiolytic cleavage of the B-keto carbon of acyl-coA, thus:

RCH,CH, COSCoA B RCOSCoA + CH;COSCoA (acetyl-coA)
*where R represents an alkyl functional group

generating acetyl-coA and the coA derivative of the fatty acid (now two carbons shorter)
at each completion of the cycle until the entire fatty acid chain has been degraded. The
acetyl-coA produced may go on to be oxidized in the tricarboxylic acid (TCA) cycle, or
two molecules of acetyl-coA may condense to ultimately form acetoacetate, although this

is not efficiently used as an energy source in liver mitochondria.

The energy vield from B-oxidation is considerable, making it the foremost pathway for
generation of useful energy from fatty acid. Five ATP molecules are generated for each
spiral of the pathway, and if the acetyl-coA is subsequently oxidized through the TCA
cycle, up to 12 ATP molecules may be generated per turn. The high yield oxidation of
FA through these means are, however, entircly dependent on the availability of
oxaloacetate, obtained from carbohydrate metabolism; thus, at least in the liver, the

response to an increasing or exclusive fat diet is decreased energy yield per fat molecule.

Slightly modified B-oxidation also takes place in peroxisomes and glyoxysomes,
collectively termed “microbodies”. These are of particular import in liver and kidneys.
In the healthy liver, it appears mitochondria and peroxisomes collaborate in overall fatty
acid oxidation (~50% from each), with microbodies oxidizing very long chain fatty acids
{which are impermeable to the inner mitochondrial membrane) to medium chain products
before transport to mitochondria for complete breakdown (Gurr and Harwood, 1991).
Hypolipidemic drugs such as clofibrate, high fat diets, starvation and diabetes all

markedly upregulate peroxisomal oxidation.
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Other pathways for generation of energy from fatty acid include

¢ o-Oxidation, a method for degrading FA which, for structural reasons, prove difficult
or impossible with B-oxidation. The degradation process is 1 carbon at a time (rather than
the 2-carbon process of B-oxidation). In the presence of a peroxide-generating system
(NADP(H), oxygen and 2 cytosolic factors), a-oxidation converts a long chain FA to an

aldehyde with one less carbon.

¢ w-Oxidation

This microsomal pathway oxidizes medium-chain fatty acids to dicarboxylic acids (i.e.
there is oxidation of the terminal methyl carbon). In the liver microsomal system, the
system is very similar to the drug and steroid hydroxylating systems and requires
cytochrome P450, NADPH, cytochrome ¢ reductase, phosphatidlycholine (PC) and
oxygen. The precise roles of w-oxidation are believed to be concerned with oxidation of
hydrocarbon chains when other systems are incapable, unavailable or overwhelmed. For
example, it is essential in liver microsomes of aged animals where coAse and ATPase
prevent the normal activation of fatty acids; and in the oxidation of highly substituted

derivatives where it is essential before [3-oxidation can proceed.

¢ Lipid peroxidation

A final degradative process affecting fatty acids is lipid peroxidation (LP), the
introduction of a functional group containing two catenated oxygen atoms, O-O, into
unsaturated fatty acids in a free radical chain reaction (Wheatly, 2000). Although
saturated and monounsaturated fatty acids may undergo peroxidation, the rates of such
reactions on these substrates are much slower and usually require high temperatures and
catalysts (Mead et al., 1986). However, the double bonds present in polyunsaturated fatty
acids (for example the commonly occuring 1,4-polyenes) renders them highly susceptible

to oxidative attack,
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The first indicator of a peroxidative process is considered to be the conjugation of
methylene-interrupted dienes, forming conjugated dienes (CD). An example of this
would be the movement of the double bond in a 1,4-polyene to generate a 1,3-polyene.
Strictly speaking, these are not products of LP, as the oxidative state remains the same.
But as they are easily measured, they are considered a good hallmark for an imminent
peroxidative process or an oxidative stress. True LP begins with an initiation process
involving the formation

of a carbon-centred radical by hydrogen abstraction from the lipid:

RAA\R(RH) 7SS RAL T \ARRY)
Xe XH

These initiation reactions are of particular importance, since it has been shown that highly
purified polyunsaturated fatty acids are stable for long periods in vitro, even in the
presence of oxygen. Different initiation processes (protolysis, y-radiation, singlet oxygen,
transition metal ions M™, alkyl radicals Re) produce different radicals. Furthermore,
although the initiating event controls the extent of the following chain reaction, the

subsequent chemistry is essentially the same regardless of the event.

Once LP has been initiated, it is propagated by resonance stabilized free radicals that
react readily with oxygen to form peroxy radicals (ROQe). If the peroxidative process is
enzymatic, dioxygen addition is regiospecific and the conversion of the alkyl radical, first
to a peroxy radical and then a hydroperoxide, is catalyzed by lipoxygenases. If the
peroxidative process is non-enzymatic (autoxidation), addition is not regiospecific (Mead

et al., 1986; Gurr and Harwood 1991; Wheatly, 2000).

Thus:

Re + O e RO @ W ROOH
Xe
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The hydroperoxides (ROOH or LOOH) formed may decompose under certain conditions,
giving rise to peroxy and alkoxy {RQe) radicals which can initiate and propagate new
chains, such that

At high ROOH: ROOH eeoveervvens O0OR ————————f> H,0 + ROe + RO0#

At lew ROGH:  ROOH P ROe + «OH

And in the presence of metal ions: ROOH + M"™ P ROe + M™D" + OH

The final step of LP is termination. It involves reactions between radicals producing
dimers and higher polymers. Apart from these cross-linking reactions, (3-scission can
occur, generating small products such as malondialdehyde (MDA). The end products of
LP differ, depending on and reflecting the fatty acid composition of the starting material.
Other common products include ketones, and aldehydes such as 4-hydroxynon-2-enal (4-

HNE) and hex-2-enal.

2.2.2 Lipid metabolism and the pathogenesis of NASH

It is clear that the pathogenesis of NAFLD/NASH must be somehow linked to disordered
lipid metabolism. The accumulation of fat within TG is believed to be the result of
increased hepatic uptake of FA, increased endogenous synthesis of FA, and/or decreased
disposal of FA. Certainly, IR, which is frequently associated with NASH (see 1.3),
favours increased mobilization of FA from adipocytes (Chitturi and Farrell, 2002). High
insulin levels are also known to increase degradation of apoplipoprotein B100, a
component of VLDL (Neuschwander-Tetri, 2001; Harrison and Diehl, 2002}, while
suppressing mitochondrial (3-oxidation (Chitturi and Farrell, 2002; Neuschwander-Tetri,
2001). Since lipid accumulation in nonadipose sites (lipotoxicity) is itself known to be

cytotoxic (Chitturi ef al., 2002) — causing mitochondrial swelling, increased lysosomal
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fragility and impaired membrane integrity (Harrison, 2002) — suppression of homeostatic
mechanisms which safeguard against this would naturally be deleterious. Furthermore,
when mitochondrial B-oxidation is overwhelmed or compromised, it may be compensated
for by other mechanisms such as peroxisomal -oxidation and w-oxidation (Chitturi and
Farrell, 2002). Hydrogen peroxide produced through peroxisomal oxidation may react
with chelates of copper and iron to yield hydroxyl radical (OHe), and thus may predispose
to oxidative stress (i.e. the outcome of oxidative damage to biologically relevant
macromolecules, which occurs when oxidative stress-related molecules exceed cellular
antioxidant defense mechanisms). By reacting with, crosslinking and modifying them,
OHe may cause inactivation of cellular proteins (Wolff er al., 1986; Farrell et al., 2002).
Members of the cytochrome P450 class of proteins (CYP), which are essential for -
oxidation as well as hepatic drug hydroxylation, have been implicated as catalysts of LP

in liver microsomes (Leclercq et al., 2000),

Reactions that generate and dispose of highly reactive LP products are usually restricted
to specific subcellular compartments, thus limiting cross-reaction with cellular
components. Understandably, it is therefore difficult to estimate accurately the level {(and
consequently, implication) of meaningful LP occurring during the course of fatty liver
disease, since at least in most animal studies, tissue must necessarily be disrupted to
assess markers of peroxidation. Nevertheless, measurements of breath alkanes (an
accepted index of in vive LP [van Gossum and Decuyper, 1989]) have reported increased
LP in vivo in hepatic steatosis resulting from freatment with various hepatotoxic agents
(Lettéron et al., 1996). Experimentally, ROOH, ROe and ROOe are known to cause
crosslinkage and fragmentation of proteins closely associated with the peroxidizing lipid.
MDA and 4-HNE are capable of modifying APO B of lipoproteins. LP products are also
capable of initiating LP in membrane phospholipids, which may be fransformed to

signalling compounds such as 2,4-decadienal, that induce apoptosis {Spiteller, 2002). LP
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products form adducts with DNA at low doses, and induce strand breakage and
genotoxicity at high doses (Wolff ef o/, 1986; Parola and Robino, 2001). In these ways,
LP become direct affecters of hepatic lipid transport, signal transduction pathways,

proliferation and function in target cells.

In the context of fatty liver disease (both alcoholic and nonalcoholic), LP are also relevant
because they stimulate expression of collagen o, gene expression in cultured cells and
livers from animal models of hepatocellular injury (Parola ef al., 1993; Bedossa et al.,
1994). 4-HNE helps drive the fibrogenic response further by upregulating transforming
growth factor B (TGF[B) in human monocyte/macrophage cell lines and in rat Kupffer
cells isolated from fibrotic livers. Evidence of LP is concomitant with or precedes
activation of hepatic stellate cells, which are instrumental in collagen deposition during
fibrosis. These effects may be prevented or reversed early on by addition of antioxidants
to the experimental system. 4-HNE may also be able to elicit apotosis in liver cell
cultures, though this aspect remains unexplored (Parola and Robino, 2001). Finally, LP
products cause aggregation of cytokeratins, thus being instrumental in development of the

Mallory body (Pessayre ef al., 1999).

The enhanced oxidative stress generated by means discussed above results in various
mitochondrial adaptations. For example, increased expression of uncoupling protein 2
(UCP-2) has been reported. UCP-2 leads to dissipation of the proton gradient that
normally exists across the inner mitochondrial membrane, resulting in re-oxidation of
NADH and FADH, as well as the production of heat rather than synthesis of ATP. This
is believed to reduce mitochondrial oxidant production; however, because this involves
limitations of ATP production, this coping mechanism may encourage hepatocellular

necrosis (Day, 2002a; Harrison and Diehl, 2002).
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The role of lipids and perturbations of lipid metabolism in NASH cannot be over-
emphasized. In addition to direct damage, the products of disordered metabolism enter
into a negative feedback loop, which drives other factors involved in pathogenesis of
NASH such as IR, inflammation and cytokine induction. Since excessive oxidant
production depletes hepatocytes of necessary antioxidants such as glutathione (Harrison

and Diehl, 2002), excessive oxidative stress becomes a self-reinforcing phenomenon.

2.2.3 Role of inflammation and cytokine production

LF products upregulate adhesion molecules and are potent chemoatiractanis for
neutrophils (Pessayre ef af, 1999), which may explain the PMN infiltrate observed in
NASH. Superoxide anion {O;") and nitric oxide (NO) produced by PMN in turn induce
further lipid peroxidation, and play a direct role in progression of liver injury by
stirnulating collagen synthesis in HSC, propelling the liver to a fibrotic state {Casini,
19977, 1t has been hypothesized that 4-HNE is also a potent activator of Kupffer cells
{Luckey and Petersen, 2001}, which in twm produce reactive oxygen and nitrogen species

{Videla er af,, 20031,

Much of the damage recorded in liver injury is mediated by recruited and resident
inflammatory cells. The role of Kupffer cells is gaining prominence. [n a carbon
tetrachloride (CCL) model of liver cirrhosis, inactivation of Kupffer cells by gadolimum
chloride (GdCl) decreased serum aminotransferases, lipid peroxidation and collagen
deposition (Muriel and Escobar, 2003). In an amimal model of alcoholic liver disease
(Jarveldinen e al., 2000), GdCl, alleviated steatosis and induction of cytochrome P450
ZEI (CYP2EL). It 15 believed the deleterious effect of Kuppfer cells 1s mediated in part
through disordered cytokine production. Cytokines are pleiotropic regulatory peptides
that may be produced by virtually every nucleated cell to modulate its local environment
in response to inflammatory or immunological challenge (Tilg and Diehl, 2000; Raebum

et al. 2002). Evidence in support of the role of cytokines in NAFLD/NASH may He in
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proteins and the pro-fibrogenic cytokine TGF[, which activates hepatic stellate cells), as
well as TL-18, which is proinflammatory, synergistic with IL-1[3, and instrumental in
induction of IL-12. The induction of TL-12 is essential for induction of interferon gamma
{IFNy) and increased expression of Fas ligand (FasL). IFNy enters a TNFa-augmenting
positive feedback loop. In addition, it induces expression of major histocompatibility
complex I and II, stimulates synthesis of adhesion molecules on endothelial cells and

inhibits Th2 responses. FasL induces apoptosis in cells expressing Fas receptor (Tsutsui

et al., 1997; Raeburn ef al., 2002).

These and other data suggest a pivotal role for TNFa in liver injury. TNFa is in fact
known to activate caspase 8, which activates caspase 3 downstream, inducing apoptosis.
It also induces sphingomyelinase, which increases ceramide, an inhibitor of the electron
transport chain; by this means TNFa promotes ROS formation and consequent lipid
peroxidation. It is interesting to note, however, that the normal outcome of TNFu
exposure 1s hepatocyte proliferation (not cell death [Tilg and Diehl, 2000]), indicating that
mechanisms normally exist (and are absent in NASH) which modulate the effect of
TNFa. These mechanisms remain to be elucidated, though it is suspected that
transcription of certain protective factors is necessary (Tilg and Diehl, 2000). Indeed,
although freshly isolated healthy mouse hepatocytes are essentially insensitive to TNFa,
TNFo-induced apoptosis in vifre and in vive becomes dose-dependent when cultured
hepatocytes or normal mice are first treated with transcriptional inhibitors such as
actinomycin D, D-galactosamine and a-amanitin (Leist, 1994). Some authors (Tilg and
Diehl, 2000) speculated that the protective mechanisms against TNFo cytotoxicity may
involve activity of TNF-induced nuclear factor-x[3 (NFx3). The induction of NFx[3 by
TNFw is believed to depend on upregulation of LP by TNFa (Bowie ef al., 1997). NF«j3
is a transcription factor which encodes, among other things, anti-apoptotic products,

which block activation of caspases and release of mitochondrial oxidants. The role of
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NFx[3 remains controversial, however, since it has now been documented in 0b/0b mice
that fatty liver remains vulnerable in an animal model of hepatotoxic challenge using
LPS, despite inhibition of caspase 3 and induction of NFxp (Yang et al,, 2001). This,
however, does not necessarily nullify the validity of a “two hit” hypothesis of cytokine-
mediated hepatic injury where a first hit increases exposure of hepatocytes to TNFu (see
1.3), while a second alters hepatocyte ability to protect itself from TNFa induced cell
death (Tilg and Diehl, 2000). In support of this, although baseline levels of TNFa and
II.-6 are increased in unchallenged genetically obese rodents, expression of these
cytokines is actually attenuated following LPS challenge in genetically obese fa/fa and
ob/ob mice (which bear many resemblances to the clinical NASH profile, see 2.1); yet
these strains are highly vulnerable to hepatic damage in response to LPS (Loffreda e al.,
1998; Diehl, 2002). This may be the result of increased vulnerability to necrosis (via
reduced ATP production), rather than apoptosis (Yang ef al., 2001). Furthermore, TNFa-
mediated hepatocellular damage is mitigated in various animal models where pro-

inflammatory cytokines are knocked out (Tilg and Diehl, 2000).

2.2.4 IR and the pathogenesis of NASH

IR refers to resistance to the effects of insulin on glucose uptake, metabolism and/or
storage (Kahn and Flier, 2000). IR in obesity and type 2 diabetes mellitus is manifested
by decreased insulin-stimulated glucose transport and metabolism in adipocytes and

skeletal muscle, and by impaired suppression of hepatic glucose output.

A link between IR and obesity is not unexpected, since insulin is a critical regulator of
most aspects of adipocyte biology, and adipocytes in turn are among the most highly
responsive of cells to insulin (Khan and Flier, 2000). Given the correlation between
obesity and NAFLD/NASH, it follows that a link between IR and NAFLD/NASH also

exists; indeed, it is now estimated that IR is almost universal in patients with NASH
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(regardless of diabetic state), when measured by glucose tolerance or clamp methods
(Day, 2002a; Chalasani e/ af, 2003). It has also been shown that subjecis with
histologically proven fatty liver as well as those with precirrhotic stages of NASH fail to
suppress lipolysis (a crucial function of insulin) during a two-step hyperinsulinemic
euglycemic clamp (Sanyal, 2001). Finally, NASH has also been found localized to
peripheral subcapsular regions of the liver in patients receiving insulin in peritoneal
dialysis fluid, and focal NASH has been observed in liver hilum of patients with an
abnormal pancreatic vein that drains insulin-rich blood directly into the hilum rather than
to the prehepatic portal circulation (where insulin concentrations are lowered by dilution
[Neuschwander-Tetri, 2001]). This raises the intriguing and important question of

whether IR plays a causal role in the development of NAFLD/NASH.

Adipocytes have long been known for their role as energy storage depots for triglycerides
(from which energy is obtained in times of need in the form of free fatty acids [FFA] and
glycerol), their role as endocrine cells has only recently become evident. Adipocytes
express and secrete many peptide hormones and cytokines, most notably TNFa. Levels
of circulating serum and adipose tissue TINFa are elevated in obese humans, correlate
with BMI, and decrease with weight reduction (Day, 2002a). In mice with TNFa
rutations, insulin sensitivity is improved in both diet and genetically induced obesity. In
addition, insulin sensitivity has also been significantly restored in Zucker rats using a
soluble TNF-receptor IgG protein that neutralized TNFo (Cheung er al, 1998).
Unsurprisingly, it is believed IR concomitant with obesity is directly linked to TNFa.
TNFa downregulates insulin signalling, in part through impairment of glucose
transporters such as GLUT4. In addition, activation of inhibitor kappa kinase beta (IxKf3)
by TNFo in adipocytes and hepatocytes increases serine phosphorylation of insulin
receptor substrates (IRS), which reduces fyrosine phosphorylation and tyrosine kinase

activity, events normally initiated by insulin receptor binding. Serine phosphorylation of
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IRST and IRS2 thus markedly reduces ability of IRS molecules to dock at the insulin
receptor and interact with downstream pathways essential for insulin signalling. Impaired
anti-lipolytic (and pro-glycogenic) effects of insulin in adipose tissue then lead to
increased FFA release. FFA are capable of inducing IR in skeletal muscle via IkKp, thus
they may be involved in a self-perpetuating cycle of peripheral IR, Since transcription of
TNFo also engages in a positive feedback loop with IxX 3, this cytokine also establishes a
self-reinforcing, self-propagating cycle of IR (Khan and Flier, 2000; Le Roith and Zick,

2001; Day, 2002a).

Impaired insulin sensitivity is a harbinger of many troubles. Visceral adipocytes are more
prone to lipolysis than their peripheral equivalents, due to increased production of anti-
insulin hormone resistin, a greater complement of adrenergic receptors, and potentially
increased production of cortisol (due to their higher activity of 113 hydroxysteroid
dehydrogenase I, 113 HSDI). Any FFA released from these visceral adipocytes drains
directly to the liver via the portal vein. Although it has been demonstrated that FFA-
induced, IxKB-mediated IR does not occur in hiver (Day, 2002a), FFAs may exert
deleterious effects relevant to NASH in other ways. The ability of polyunsaturated fatty
acids (PUFA) to regulate metabolic processes at the transcriptional level, and through
changes in membrane fatty acid composition resulting in altered hormonal signalling, has
been described (Clarke, 2001). PUFA, particularly those of the n-3 family, are essential
“fuel partitioners” that upregulate expression of genes encoding proteins involved in FA
oxidation, directing FA away from triglyceride storage. In this way they may reduce risk
of lipotoxicity as a result of excessive cellular triglyceride accumulation. However,
PUFA-mediated suppression of lipogenic gene expression occurs, in part, via reduction of
nuclear abundance and DNA binding affinity of transcription factors responsible for
imparting insulin and carbohydrate control to lipogenic and glycolytic genes.

Accumulated FA metabolites such as long-chain acyl-CoAs also increase protein kinase C
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hyperglycemia, linked to their inability to increase rates of FA oxidation during periods of
starvation. Also, although PPAR« is only weakly expressed in white adipose tissue,
PPARa null mice suffer from a delayed onset form of obesity noted particularly in
females (Costet ef al, 1998). In an animal model of type 2 diabetes using dominant
negative muscle specific insulin growth factor I receptor, Kim et @l (2003) showed that
treatment with a PPAR« agonist improved lipotoxicity by driving FA oxidation. Rao ef
al (2002) also showed prevention or reversal of choline defiency induced steatohepatitis
when rats were given a choline-deficient diet with clofibrate, a potent PPAR«x ligand,
Recently, these findings have been corroborated by Ip ef al (2003). In a study utilizing
the same rodent nutritional model of NASH, these investigators protected MCD mice
against steatohepatitis, utilizing Wy-14,643 (a PPARa agonist). Nevertheless, the story
may become less favourable when FFA accumulate, leading to excessive PPAR«a
induction, excessive FA oxidation, and subsequent generation of reactive oxygen species
which may generate oxidative stress, promote lipid peroxidation, and contribute to

upregulation of TNFa.

Finally, PPAR« is now known to inhibit expression of the glucose transporter, GLUT4, in
adipose tissue {Kersten, 2002), thus potentially contributing directly to peripheral IR. The
central role of GLUT4 was highlighted by elegant experiments on lean, normoglycemic,
IR offspring of diabetic parents illuminate additional players in the IR arena. Such
studies show a 50% reduction in the rate of insulin-stimulated whole-body glucose
metabolism (Schulman, 2000). This dysfunction presents before the onset of diabetes and
is not secondary to complications of the disease such as glucose toxicity. The rate of

insulin delivery is comparable between experimental subjects and controls (Schulman,

2000), and changes in concentration of intracellular glucose are proportional to those of
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glucose-6-phosphate (see below).

Plasma glucose (via GLUT 4) —# Intracellular glucose
i {via Hexokinase 11}

Glucose-0-phosphate — UDP-glucose (via glycogen synthase)

Glycogen

It has therefore been suggested that in affected subjects, impaired plasma glucose
transport into the cell (conducted by glucose transporters, mainly GLUT4) rather than
phosphorylation (catalyzed by hexokinase II) 1s predominanily responsible for control of
muscle glycogen synthesis in [R and diabetes. GLUT4 expression is normal in skeletal
muscle of obese and diabetic patients, and it is belhieved that defects in glucose transport
may be as the result of impaired translocation, docking or fusion of GLUT4 containing
vesicles with the plasma membrane. This may result from increased activity of PPAR,
TNFa, and/or increased plasma fatty acid concentrations, tying the mechanisms at play in
IR once again to those also involved in development of steatosis. Differences in delivery
of substrate or insulin to the tissue bed are not believed to have a role in IR (Schulman,

2000; Kersten, 2002).

The role of other PPARs in IR is less clear. It is possible that PPARE could alse play a
role, as it has been implicated in lipid metabolism (primarily in nerve cells) and
differentiation of pre-adipose tissue (Kersten, 2002). However, since this PPAR isotype

still remains an enigma, any role in NAFLD can only be speculated upon.

PPARy repulates genes involved in insulin action and adipogenesis {(differentiation of pre-

adipocyles into mature fat cells or adipocytes), inhibits leptin and TNE« (Le Roith and
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Zick, 2001; Kersten, 2002). At the current time, there appear to be no studies
investigating the role of PPARy in NASH pathogenesis, although it was the subject of a

recent clinical trial (Neuschwander-Tetri ez a/., 2003).

2.2.6 Leptin

Another hormone of increasing and mesmerising importance in NASH pathogenesis is
leptin. This 16 kilodalton product of the 0b gene was first isolated from mouse choroid
plexus and identified as a satiety factor which played a role in energy balance and food
intake (Tkejima et al., 2001; Saxena et al., 2002). Accordingly, rodents deficient in leptin
expression or signalling (see 2.1) display hyperphagia and obesity. Early signs of genetic
obesity in these animals is evident even in the first week of life, in the absence of
hyperphagia (Boulangé er al., 1979). It seems tempting to assume that the principal
function of leptin is, therefore, to control appetite and thus protect against obesity. But
leptin levels are low in the lean and elevated in the obese, and diet-induced obesity is not
essentially corrected in hypoleptinemic mice by restoration of plasma leptin levels (i.e.
weight loss as a result of reduced food intake occurs, but food-restricted ob mice still
deposit excess adipose tissue compared to wild type controls). Leptin levels do not
increase significantly after a meal, and leptin by itself, does not lead to the termination of
a meal (Friedman and Halaas, 1998). Furthermore, there is no evidence that nutritional
abundance has been a prominent feature in the evolution of life, thus negating the need for
a system protecting against it (Lee ef al., 2001; Chitturi et al., 2002). Some authors have
argued that the role of leptin may have evolved as a “thrifty gene” which, as a satiety
factor, conferred an advantage during periods of deprivation. Given the toxic effects of
fatty acid overload, it also seems likely, however, that leptin (which is expressed mostly
in adipose tissue) may have evolved to prevent lipotoxicity by blocking lipogenesis and
stimulating FFA oxidation, thus regulating triglyceride accumulation (Chitturi er al.,
2002; Day, 2002a). Accordingly, in addition to hypertriglyceridemia, genetically obese

rodents (with defective leptin expression or signalling) also have functional impairment of
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pancreatic (3-cells, and IR. Further, the major site of leptin action is in selected nuclei of
the ventrobasal hypothalamus, and hypothalamic lesions in these areas produce IR.
Conversely, leptin freatment in ¢b/0b mice causes a rapid drop in insulin levels, even

before changes in food intake occur (Khan and Flier, 2000; Lee ef ai., 2001).

The potential roles of leptin have now been expanded to include immunomodulation and
matrix deposition during wound healing (Chitturi ef af., 2002; Leclercq et al., 2002,

Saxena ef al., 2002).

Leptin is upregulated in the obese NASH patient, which may seem paradoxical since the
functions of leptin described above (suppression of lipogenesis and TG accumulation, and
upregulation of FA oxidation) are in fact compatible with, and drive, improved insulin
sensitivity, Yet increased leptin levels must likely occur in the obese patient with NASH,
since leptin is synthesized by adipocytes. It has been suggested that this increase may
represent a corrective (albeit inadequate) response to steatosis, with which its expression
correlates (Diehl, 2002; Chitturi, 2002). Other authors speculate that this increase in
leptin may indicate leptin resistance (Friedman and Halaas, 1998), though currently there

appears to be no evidence in support of this.

Leptin is also required for development of fibrosis: leptin upregulates profibrogenic
TGFB (Ikejima et al., 2001), leptin deficiency decreases collagen production, and leptin
deficient rodents do not develop fibrosis (Leclercq ef al., 2002; Saxena ef al., 2002). This
fits neatly with elevated levels of leptin noted in patients with NASH, although it is
noteworthy that leptin expression did not correlate with fibrotic severity in this study
{(Chitturi er al., 2002). It should also be pointed out that in this study, leptin levels were
assessed in serum. This assay does not distinguish between free leptin and leptin bound

to the soluble form of the receptor, Ob-Re (Friedman and Halaas, 1998). It is possible
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that an association between fibrosis and leptin levels may emerge if there was some

mechanism to exclude bound leptin from the assay.

Many theories on the role of leptin in NASH come from genetically obese models of the
disease (see 2.1). Based on the impaired phagocytic ability of macrophages and increased
“resting” levels of TNFa and IL-6 (but decreased levels after LPS challenge) in leptin
deficient/resistant rodents, the immunomodulatory capacity of leptin has been established
(Loffreda et al., 1998). This has led some authors to speculate that part of the pathogenic
mechanism of NASH, as it relates to the constellation of obesity/IR/leptin, involves
decreased macrophage phagocyte activity, resulting in increased exposure of peripheral
adipocytes to gut-derived endotoxin. Escape of bacterial endotoxin into the systemic
circulation would then trigger ectopic expression of proinflammatory cytokines such as
TNFa, explaining increased expression of this cytokine in peripheral fat (Loffreda ef o/,
1998). This increased expression, in turn, would play a role in NASH pathogenesis, as

described above.

But theories based on results from animal models of NASH should be constructed with
caution. The fact that genetically obese models display defective expression or signalling
of leptin, in contrast to the human scenario where this hormone is increased, could set in
motion a cascade of events that would be misleading and inappropriate for a pathogenic
model of human NASH. In addition, unlike in rodents, leptin action in humans has little
effect on the hypothalamic-pituitary-adenocortical (HPA) axis; as such, humans with
leptin or leptin receptor mutations and obesity do not appear to have exiraordinary
degrees of IR, and none with diabetes have been described (Khan and Flier, 2000).
Perhaps a more informative understanding of the role of leptin in hepatocellular injury
may be acquired from investigations of tissue-specific knockouts, or of normal mice

freated with hepatotoxic agents, where addition of exogenous leptin to the cocktail
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significantly augments inflammatory and profibrogenic responses (Ikejima ez al., 2001).
On the basis of such studies as these, it is conceivable that the role of leptin in NASH may
revolve around (among other things) generation of ROS (by its ability to drive FA

oxidation), and propulsion of the steatotic liver towards fibrosis.

2.2.7 Cytochrome P450 2E1 (CYP2E1)

The cytochrome P450 class of proteins (CYP450) were first 1dentified as a cellular
pigment having an unusual red-shifted visible absorption maximum (at about 450nm),
when present as the reduced-carbon monoxide complex. Later investigations revealed
CYP450 to be b-type cytochromes contfaining iron-protoporphyrin IX as the prosthetic
group. Since then, it has been established that CYP450 serve numerous functions besides
the electron carrying (as a terminal oxidase in mitochondrial and microsomal pathways)
for which they were named. The roles of these remarkable enzymes include “mixed”
monoxygenation (hydroxylation, by which they incorporate one atom of molecular
oxygen into their substrate and another into water), peroxygenation, epoxidation, N- and
S-oxidation, desulfuration, reduction of nitro and azo groups, oxides, peroxides and
epoxides; deamination and dehalogenation; N-, S- and O-dealkylation, and nonhydrolytic
carbon-carbon bond cleavage (Black and Coon, 1987). Through these reactions they are
vital for drug metabolism and synthesis of cholesterol and steroids. For many of the
reactions, regioselectivity and stereoselectivity are observed. The CYP450 enzymes are
therefore highly versatile, unique catalysts among biological oxidizing systems. In
humans, there are at least 18 families of CYP450 (with a “family” defined as sequences
with >40% amino acid identity) and 43 subfamilies {sequences with >55% identity). The

identified human CYP450 are shown in Table 2.2.1.
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Table 2.2.1: Human CYP450 (from Nelson, 2001)

CYP450 Function Encoded by; known
subfamilies
CYP1 Drug metabolism 3 genes, | pseudo; 3 subfamilies
CYP2 Drug and steroid metabolism 16 genes, 16 pseudo; 13 subfamilies
CYP3 Drug metabolism 4 genes, 2 pseudo; 1 subfarmily
CYP4 Arachidonic acid or fatty acid metabolism 1 genes, 10 pseudo; 5 subfamilies
CYPS5 Thromboxane AZ synthase ! gene; | subfamily
CYP7A Bile acid biosynthesis; 7-alpha hydroxylase of steroid | | subfamily
nucleus
CYP7B Brain specific 7-alpha hydroxylase I subfamily
CYPRA Prostacylclin synthase { subfamily
CYP8B Bile acid biosynthesis 1 subfamily
CYPil Steroid biosynthesis 3 genes; 2 subfamilies
CYP17 Steroid biosynthesis | gene; [ subfamily
CYP19 Steroid biosynthesis I gene; 1 subfamily
CYP20 Unknown 1 gene; 1 subfamily
CYP21 Steroid biosynthesis I gene, | pseudo; | subfamily
CYP24 Vitamin D degradation I gene; 1 subfamily
CYPZ6A Retinoic acid hydroxylase, important in development 1 subfamily
CYP26B Probable retinoic acid hydroylase | subfamily
CYP26C Probable retinoic acid hydroxylase I subfamily
CYP27A Bile acid biosynthesis [ subfamily
CYP27R Vitamin D3 -alpha hydroxylase; activates vitamin D I subfamily
CYP27C Unknown 1 subfamily
CYP39 Unknown ! subfamily
CYP46 Cholesterol 24-hydroxylase I subfamily
CYPS5] Cholestero! biosynthesis I gene, 3 pseudo; | subfamily

CYP450-dependent systems are widely distributed through most tissues of the human
body, though the liver has by far the highest content. Where the system is present, it can
be detected in virtually all subcellular membranes, with endoplasmic reticulum and
mitochondria comprising the richest sources. Induction of CYP450 is typically by drugs
and toxins (e.g. ethanol, phenobarbital, clofibrate, DDT, halothane and CCl; among
many), which are detoxified to less pharmacologically potent molecules. Occasionally,
however, CYP450 toxify xenobiotics. For example, the relatively harmless aryl
hydrocarbon, benzo[a]pyrene (a component of charred organic material such as flame-

grilled meat), is converted to a highly mutagenic, carcinogenic diol-epoxide derivative by

the joint action of CYP450 and epoxide hydrolase (Black and Coon, 1987; Nelson, 2001).
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A key function of CP450 is lipid metabolism: they catalyse @ and w-1 hydroxylation of
fatty acids during o-oxidation, as well as isomerization and hydroxylation of
prostaglandins at terminal positions. Such functions suggest a role for CYP450 induction
in fatty liver disease: indeed, due to its extensive capacity for detoxification of drugs,
solvents and metabolism of alcohol, CYP2E! is believed to be wvital in alcoholic liver
injury., CYP2E! is now known to be a key player in one of the three major pathways
through which ethanol is metabolized (the alcohol dehydrogenase [AHD] and catalase

systems being the other two [Boggan, 2003]). CYP2E! catalyses the reaction

CH,;CH,OH + NADPH + O, — ¥ CH,CHO + NADP" + H,0

During chronic alcohol consumption, levels of the enzyme are rapidly elevated, though
they return to normal quickly if ethanol is withdrawn (Takahashi et a/., 1993; Roberts ef

al., 1995).

Because CYP2E! is also induced by pathophysiological states such as diabetes,
prolonged starvation and morbid obesity (probably due to elevated ketone levels
associated with these states [Takahashi ef a/., 1993; Robertson ef a/,, 2001; Woodcroft es
al., 2002; Emery et al., 2003]), it comes as no surprise that it factors in NASH, as well.
Evidence from animal models shows increased hepatocyte CYP2E! expression and
activity in MCDD mice (Weltman ef al., 1996), and increased CYP2E! immunostaining
has been noted in patients with NASH (Weltman ef ¢/, 1998). Distribution of CYP2E!
protein is in zone 3, corresponding to sites of maximum hepatocellular damage in human

NASH.

It is believed that the pathogenic effects of this increased activity are tied to the ability of
CYP2E] to act as a catalyst of microsomal LP, and thus a source of oxidative stress.
CYP2E] is a major microsomal source of hydrogen peroxide (H,O,) and consequently,

NADPH-dependent LP. If activity of this enzyme is abrogated, members of the CYP4A
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injured liver this may be replaced by a matrix filled with elevated levels of fibril-forming
collagen (types I and MI) and fibronectin (Friedman, 1993). Fibrosis may underlie
impaired hepatocyte function, loss of endothelial fenestra and the activation of matrix-
producing hepatic stellate cells (HSC, formerly also termed lipocyte, fat-storing or Ito
cell), The HSC is now established as the main cell type involved in hepatic fibrosis. In
the normal liver, HSCs are the primary storage depot for hepatic retinoids, and are
distinguished by intracellular fat droplets containing vitamin A. In most species they also
express a cystokeletal intermediate filament characteristic of muscle cells called desmin,
and o-smooth muscle actin. With progressive injury, HSC are transformed into
myofibrolast-like cells with scant vitamin A and active secretory apparatus for collagen

production.
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profibrogenic cytokines such as platelet derived growth factor (PDGF), and TG
respectively, making them even more responsive to these peptides. Kupffer cells are
thought to be the main source of these cytokines in this event. Kupffer cell activation
coincides with appearance of HSC activation markers. Kupffer cells stimulate matrix
synthesis, cell proliferation and release of retinoids by HSC through the action of lipid
peroxidation products, reactive oxygen intermediates, matrix metalloproteinase 9 and
cytokines, most notably TGF[ (Friedman, 2003). Jn vitro, exposure of HSC to medium
from Kupffer cell cultures accelerates the process of activation. Hepatocytes and
leukocytes may also be sources of initiating factors. For example, neutrophils produce
reactive specles when activated, which may directly promote collagen synthesis (Casin,
1997).  Lymphocytes such as CD4+ T helper cells (Th) are also potent sources of
cytokines, although their role has been largely overlooked in fibrogenesis associated with
liver disease. Available information however appears to indicate that Th2, the subclass of
Th cells which produce cytokines such as [L-4, [L-5, IL-6 and [L-13, and promote
humoral immunity, favour fibrogenesis in liver injury over Thl (which secrete

proinflammatory cytokines and play a role in cell-mediated immunity [Shi et al., 1997]).

The activated HSC are perpetuated by dircet effects of autocrine and paracrine mediators.
PGDF and TGFP continue to play major roles, as may LP products, and, at least in
alcoholic liver injury, toxic metabolites such as acetaldehyde (which stimulates collagen
production). Changes in the microenvironment may also perpetuate the activated state. It
is known that HSC cultured on gel resembling normal subendothelial matrix remain
inactivated for prolonged periods; activation occurs rapidly, however, if they are cultured
on gel containing type I collagen. Some authors also suggest changes in the
microenvironment of the space of Disse may be promoted by degradation of collagen type
I'V {martrix component of the space in uninjured liver). This occurs as a result of secretion

of type IV collagenase by activated HSC. Although activated HSC are depleted in
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vitamin A, it is unclear whether the loss of retinoids is a contributing cause of

activation/perpetuation, or a consequence (Friedman, 1993; Friedman, 2003).

HSC activation clearly involves morphological and biochemical changes which require
reprogramming of HSC gene expression, a phenomenon which must be orchestrated by
changes in activity and expression of key transcriptional factors, A number of these been
identified (Mann and Smart, 2002). Among the most prominent is NFk[3, which shows
increased activity in non-quiescent HSC. In the context of fibrosis, activation of this
transcription factor is distinct from the classical NFx[3 response, as it is characterized by
persistent elevation of NFk[3, leading to expression of responsive genes such as [L-6 and
ICAM-1. Normally, NFx[3 is regulated by inhibitor of NF«[3 (IK[(3-a), which interacts
with NFk to form inactive cytoplasmic complexes. If NFx[3 activation is required, a
signal transduction cascade culminates in degradation of IK[-c, allowing nuclear
translocation and subsequent DNA binding of the released NFx[3. This binding results in
transcription of responsive genes, which include that for IK3-x (thus there is a negative
feedback loop). It is believed that aberrant expression of NF«x[3 in activated HSC involves
expression of a hyperphophorylated form of IK3, IKB-B. This interacts competitively
with NFkp, but lacks the inhibitory properties of IK3-a. Instead, it serves to keep NFx[3

in a transcriptionally active state. The reasons for this remain unknown.

Other transcription factors expressed in activated HSC include members of the AP-]
family, which are required for IL-6 induction; Kruppel-like transcription factors, which
have recognition sequences in the genes for a1(l) collagen, TGF{ and TGFp receptors;
CCAAT/ enhancer binding protein (C/EBP), which also regulates a1(I) collagen gene
expression; and E-box transcription factors, which have been shown to regulate smooth
muscle-specific o actin expression. Interestingly, one transcription factor present in

quiescent HSC but diminished in their active counterparts, is PPARY, cousin to PPARa
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{(the inducer of lipid transport and oxidation genes, as described under 2.2.5). PPARy
regulates genes involved in mnsulin action and adipogenesis (differentiation of pre-
adipocytes into mature fat cells or adipocytes), inhibits leptin and TNFo. (Le Roith and
Zick, 2001). Although a PPARy agonist has been used to improve IR by reducing IRS1
phosphorylation in cultured cells and Zucker rats, and rosiglitazone (a PPARy ligand)
shows promise in a recent NASH clinical trial (Jiang e af,, 2003, Neuschwander-Tetri e
al., 2003}, there appears to be no data on investigations which may shed light on its role,

if any, in the mechanisrms involved in progression to fibrosis.

Indeed, studies specific to the fibrogenic response in NASH are scant. A recent study
showed that connective tissue growth factor (CTGF) is over-expressed in liver of patients
with NASH, that this expression correlated with degree of fibrosis, and was upregulated
by insulin (Paradis ef af, 2001). The absence of a correlation between leptin levels and
the severity of fibrosis in patients with NASH (Chitturi ef af, 2002) is also very
interesting; this probably indicates a role for other mediators in the fibrogenic response.
Recentty, a study in ob/ob mice showed the necessity for norepinephrine (a leptin-
inducible neurotransmitter which in turn regulates leptin, and is also secreted by HSC) in
the development of fibrosis, even in leptin sufficiency (Oben et al,, 2003). The emerging
picture is still obscure, and highly complex. Much remains to be understood about the

{actors that drive a steatotic liver to the fibrotic state in the context of NASH.
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The pathogenesis of NASH appears increasingly complex. It may be summarized by a
“two hit model”, as described by Day and James (1998), and elaborated upon by Day
(2002). The first “hit” would be development of steatosis, and could be the result of
factors such as increased fatty acid flux to the liver due to increased lipolysis, a
consequence of peripheral IR. If the available adipose mass is large (as in obesity), the
quantity of fatty acids delivered would not be insignificant. Increased FFA supply to an
initially insulin-sensitive liver would still result in FFA esterification to TG, leading to
steatosis. Resulting progressive lipotoxicity would further drive IR, in part through
PUFA control of gene expression. IR could also contribute to initial steatosis by other
means: insulin-mediated degradation of VLDL and inhibition of mitochondrial fatty acid
oxidation could encourage hepatic ftriglyceride trapping, These factors could drive

increased TNFo expression and thus enhance IR, via IxK.

Once steatosis is established, the fatty liver becomes vulnerable to damage. Increased LP,
TNFa, CYP2EL, insulin, leptin (probably initially upregulated as a protective mechanism
against lipotoxicity, but capable of contributing to the downward spiral of NASH),
resulting mitchondrial abnormalities and other factors {described in detail in the sections
above) could serve as second hits driving the steatotic liver to steatohepatitis. It has also
been hypothesized that NASH pathogenesis can be summarized in terms of a first “hit”
which exposes the liver to TNFa, followed by a series of second “hits” which sensitize
the liver to the effects of this cytokine (Tilg and Diehl, 2000). However, the central role

of TNFo in NASH is debatable, and could well have been overestimated in the past.

In this thesis, some of the factors at play in a rodent nutritional model of NASH are
investigated. The basic metabolic derangements resulting from methionine and choline
deficiency have been described, however there are limited studies examining the

pathogenic alterations occurring in inferactive hepatoxicity. As discussed earlier, there is
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Chapter Four
Animal Studies of Interactive Hepatoxicity I:

Effect of Alcohol on Fatty Liver



Alcohol

All studies were conducted with the approval of the UCT Ethics Committee for Research
on Animals, and in compliance with the standards of the Medical Research Council

(MRC), South Africa.

4.1.1  Pilot Short Term Study (§75): Role of short term alcohol consumpiion in the
MCD model of NASH
Biochemical and histological assessment for this study was conducted on tissue harvested
at the end of a previous study in which liver tissue was generated using the MCD model
of NASH. The study had been previously conducted by colleagues in the UCT NASH
Research Group (Principal investigator Professor P. Hall); the aim of the study was to
assess the effect of low (4% v/v) and intermediate (8% v/v) dose alcohol in the
methionine-choline deficient animal model of NASH (see 2.1). For 4 weeks, animals
were maintained on a high fat, methionine and choline deficient diet (MCDD) or control
(Ctrl) diet supplemented with choline bitartate (2g/kg) and DL-methionine (3g/kg). The
effect of alcohol was tested in mice by allowing free access to water, 4% ethanol and 8%
ethanol (all supplemented with 0.025%w/v saccharine from Sigma, and started before
commencement of the diets), as shown below. Mice were placed on a diurnal 12h
light/dark cycle. At termination, segments of liver tissue were frozen for subsequent
studies, as well as for quantitation of hepatic TG and assessment of lipid peroxidation

(LP) to investigate the effect of low dose alcohol on liver injury due to the MCDD.

Experimental design of the short term study

Water +(.025% (w/v) saccharine + Cir] diet

4% ethanol +0.025% (w/v) saccharine + Ctrl diet n=6/group
8% ethanol +0.025% (w/v) saccharine + Ctrl diet

Water +0.025% (w/v) saccharine + MCDD
4% ethanol +0.025% (w/v) saccharine + MCDD n=6/group
8% ethanol +0.025% (w/v) saccharine + MCDD
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4.1.2 Long Term Study (LTS): The effect of long term alcohol intake in the MCD
model of NASH
This formed the definitive study in the program, and was conducted to
» Induce a hepatic environment resembling advanced human NASH, including
structural alterations such as fibrosis
s Assess the effect of the MCDD plus alecohol given over prolonged periods on hipid
accumulation and LP, hepatic injury and activity of eytochrome P450 2E1 (CYPZETD)
o Characferize the nature of the inflammatory infiltrate present in this late stage of
hepatic dysfunction
» Determine the effect, if any, of interrmediate (8% v/v) and high (20% v/v) dose

alcohol consumption on a steatotic liver.

The study was conducted in duplicate (denoted in Appendix 3 as “Group 1" and “Group
2", conducted simultaneously). The first group was utilised for assessment of liver
pathology, biochemical assays and measurement of aminotransferases; the second group
was used for measurement of serum TG, Plans were set in place to utilise the second

group in future analysis of cytokine profiles.

Two groups of 48 male C57BLG mice were allowed two weeks to acclimatise in the UCT
Animal Facility, before being placed on water — 0.025% (w/v) saccharine. For animals
on alcohol ~ 0.025% (w/v) saccharing, the concentration of ethanol was raised by 2%
every second day until the desired concentration (see below) was achieved. Only after all
animals had been on their requisite concentrations of ethanol for a minimum of 4 days,
were Ctrl and MCDD dietary regimens begun. All animals were placed on a diurnal 12h

light/dark cvele.
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4.3 Aminotransferases

Alanine aminofransferase (ALT) levels were measured for all studies. In LTS animals,
alanine aspartate transferase (AST) levels were also measured; however due to concerns
regarding the influence of ether anaesthesthesia on AST levels (E. Shepard, private

communication) this assay was excluded in subsequent studies.

In LTS rodents, aminotransferase levels were significantly raised in MCD versus Ctrl (ALT
p=0.0109; AST p=0.0031). Both ALT and AST levels were affected by alcohol intake in
MCDD groups, though the changes did not reach statistical significance (ALT p=0.1973; AST
p=0.3768). Aminotransferases showed no significant change with alcohol intake in Ctrl
samples. The ratio of AST to ALT was slightly greater than 1 in Ctrl, Ctrl plus 8% ethanol
and MCDD, but was roughly 1 in all other groups (Figure 4.3). Raw data is presented in

Appendix 2.3,
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4.4 Histopathology

4.4.1 Steatosis

All animals on MCDD developed macrovesicular steatosis (Figure 4.4), with ipid in ~70-
90% of hepatocytes. In some LTS MCDD animals on alcohol, steatosis was mixed (micro
and macrovesicular). Other than this, there was no apparent difference at the level of light
microscopy with regard to steatosis, between MCD animals on water and MCD animals on
either dose of alcohol. In the LTS, one animal on Corl diet and 8% ethanol also developed
steatosis (Appendix 2.4, mouse no.15), though other animals sharing the same cage showed

no fatty change.

in all studies, steatosis was marked in zones 1 and 2, often with some zone 3 sparing (Figure

4.5} which was due in part to hepatocyte dropout as a consequence of necroinflammation.

4.4.2 Inflammation

Lobufar inflarnmation was a prominent feature in all MCDD groups of the LTS (Figure 4.5),
and foci were typically at sites of small foct of confluent hepatocyte necrosis.  The
necroinflammatory foci were always prominent in zone 3 but were also seen in zones 1 and 2.
These foci contained both mononuclear cells and polymorphonuclear leukocytes (PMN),
D/PAS positive Kupffer cells were also prominent in all MCD mice in the LTS group (Figure

4.6).
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4.4.3 Fibrosis and other features

In LTS MCDD animals, SR stains (Figure 4.8) showed pericellular fibrosis in zone 3 regions;
fibrosis was similar and mild in all MCDD treatment groups. Other features noted in all
MCD groups included the presence of mega-mitochondria, glycogenated nuclei, binucleate
hepatocytes, and multiple nucleoli. Histopathological features are summarised in Table 4.1.
It is noteworthy that in the absence of ballooning degeneration and significant fibrosis, the
features described for the LTS are more consistent with NAFLD type 2 (steatosis plus lobular

inflammation [Matteoni, 1999]) than with classic human NASH (NAFLD types 3 and 4).
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Table 4.1: Histological features in LTS livers

Treatment | Fat score | Fat {distrb.} | Inflarematory | Inflammatory | 'D/FAS D/PAS Fibrosis

foci (score) foci (number) macrophage | macrophage | (score]
{score) {number)

Ctxl 0.020.0 - 0.13x0.35 1.38x1.41 0.0:0.0 0.0+0.0 0.0£0.0

Ctrl + 8% 0.38+1.06 Random** 0.25+0.46 2.0+1.85 0.0:0.0 0.0£0.0 0.0£0.0

ethanol*

Ctsl + 20% 0.8610.38 Random** 0.43+0.53 2.86%1.57 0.0+0.0 0.0+0.0 0.0+0.0

ethanol

MCD 2.810.45 Zones | -3*** 3.0:0.0 46.25+16.52 3.0:0.0 87.0+55.89 0.60+0.55

MCD + 8% 3.0+0.0 Zones | -3 2.83+0.41 34.67+7.76 3.0+0.0 68.83+25.61 0.714+0.49

ethanol

MCD + 3.0+0.0 Zones [.3#%* 2.78+0.44 44 .56+11.59 3.0+0.0 98.441+34.67 0.88+0.35

20%

ethanol

*Mouse #15 (Appendix 2.4) always excluded due to the presence of fatty liver of uncertain aetiology
**Droplets too sparse to determine zonal distribution

***Eat droplets in zones | and 2; variable numbers of hepatocytes in zone 3 showed steatosis
Classification terms: Distr: Zoual distribution; Seore: Mean score {* standard deviation) per group, as outlined in 3.3; Number: Refers to average number ( standard

deviation) of inflammatory foci or enlarged macrophages in 20hpf.
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4.5 Characterization of the Inflammatory Infiltrate

Immunofluorescent stains were performed for detection of natural killer cells (NK, NK1.1), B
cells (CD 19), T helper cells (Th, CD4), cytotoxic T cells (T¢, CD8) and macrophages (F4/80)
in the inflammatory infiltrate of the LTS. Spleen was used as positive control. No frozen

sections were available from the STS.

No staining was obtained for NK cells, even in positive control samples. Similar to human
NASH, B cells were not detected in frozen sections (Figure 4.9). However, unlike in human
NASH (Letkowitch, 2002), Th and Tc cells were also absent (Figures 4.10 and 4.11). Itis
noteworthy that immunofluorescent methods are of limited sensitivity, thus if these cell types
were present in small numbers, they may have escaped detection. On the other hand, Kupffer
cells were a finding in all liver sections (Figure 4.12). In Ctrl samples, these were small, of
irregular shape, and sparsely distributed. MCDD samples were distinguished by the presence

of dense collections of enlarged Kupffer cells containing lipid droplets and lipofuscin.
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4.7 Hepatic and Serum TG, Hepatic Phosphatidylcholine and Lipid Peroxidation
These measurements were taken with the intention of creating a profile of the biochemical
alterations occurring over a time course on a lipotrope-deficient diet. Interpreted in
conjunction with histochemical and immunoéytochemical findings, such a profile was
expected to shed some light on the basis for hepatic dysfunction resulting from lipid
accumulation. Raw data for lipid measurements and LP indices are presented in Appendices

2.6-2.12 (L.TS), and Appendices 3.1-3.4 (STS).

It is crucial to note that because sacrifice started ~2h after commencement of the light cycle,
animals may not have been sufficiently fasted, and TG levels and LP measurements may be
elevated, reflecting this. However, as the sacrifice regimen was identical for all groups in all

studies, 1t 1s believed that the group frends for lipid measurements remain valid,

4.7.1 Factors affecting TG accumulation

Hepatic TG accumulation as a result of MCDD was noted at the earliest time point {Figure
4.14, MCD versus Ctrl p=0.0022), and continued in the long term (Figure 4.15A, MCD
versus Ctrl p=0.0027). Although it is believed this was a consequence of decreased export of

hepatic TG, serum TG did not appear to differ in the long term (Figure 4.15B).

Alcohol consumption increased hepatic TG in all treatment proups. Although alcohol-
mediated changes in liver TG were not always incremental, increases in hepatic TG reached
statistical significance in both STS Ctrl and MCD groups (Ctrl p=0.0445, MCD p=0.0017)
and in LTS Ctrl (p= 0.0044), Changes were not statistically significant in LTS MCD groups

(p=0.7033).
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4.7.3 Lipid peroxidation (LP)

The MCDD consistently increased indices of LP (Figures 4.17 and 4.18). However, the
following points should be noted while interpreting the data:

% Differences were most notable in CD (early indicator of LP) and TBARS (late LP
products), but were not dramatic in mid-stage products (LOOH).

¢ While total TBARS (tTBARS, denoting the total possible TBARS in the system) were
always markedly elevated in MCD versus Ctrl, and increased further following alcohol
consumption, differences in free TBARS (fTBARS, measured in the presence of an
antioxidant and therefore a better indicator of the actual value present at time of sacrifice, see

3.6.5) were less stark.

CD were significantly elevated by the MCDD (8T8 MCD vs Curl p=0.0411; LTS MCD vs
Ctrl p=0.0008). Although alcohol also elevated CD, the change increased consistently with
alcohol concenfration and was statistically significant only in the STS (S8TS Cul p=0.0181,

MCD p=0.0066; LTS Ctrl p=0.1421, MCD p=0.0649).

Although LOOH were measured for the STS, levels were unreliable due to an unanticipated
technical fault (which was rectified for the LTS). STS data for LOOH have therefore been
omitted. In the LTS, levels of LOOH were minimal for all groups. The effect of the MCDD
was not statistically significant (MCD vs Ctrl p=0.5000). The effect of alcohol was

statistically significant in the Ctrl group (p=0.0027) but not in the MCD group (p=0.1045).

FTBARS were always significantly raised by the MCDD (§TS MCD vs Cirl p=0.0022; LTS
MCD vs Ctrl p=0.0025). Alcohol also elevated fTBARS in the STS (Ctrl p=0.0067, MCD
p=0.0025); in the LTS, it caused a decrease in Ctrl mice (p=0.0054), and an increase in MCD
mice (p=0.0010). As expected, levels of {TTBARS were higher than fTBARS. In the STS, the

MCDD caused a significant increase in tTBARS (MCD vs Ctrl p=0.0019); alcohol caused an
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additional increase in both Ctrl and MCD livers, however this was only significant in the Ctrl
group (Ctrl p=0.0019 and MCD p=0.0600). On the contrary, although long term
administration of the MCDD caused increased tTBARS in MCD relative to Ctrl mice
(p<0.0001), the level of tTBARS was not significantly affected by alcohol in either Cirl

(p=0.4516) or MCD (p=0.0527) groups.
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Table 4.2: Ratio of LP indices in STS.

Alcohol

Treatment Group

Ratio of LP products
CD:TBARS:{TBARS

Ctrl 1:1.30:0.68
Ctrl + 4% ethanol 1:1.24:1.12
Ctrl + 8% ethanol 1:0.02:1.21
MCD 1:0.93:6.76
MCD + 4% ethanol 1:0.73:8.05
MCD + 8% ethanol 1:0.18:6.11

*Value of CD always takenas 1.0

Table 4.3: Ratio of LP indices in LTS.

Treatment Group

Ratio of LP products
CD:LOOH:ITBARS:{TBARS

Ctrl

1:0.04:0.73:1.19

Cirl + 8% ethanol

1:0.05:0.34:1.41

Ctrl + 20% ethanol

1:0.21:0.08:1.48

MCD

1:0.04:0.21:9.35

MCD + 8% ethanol

1:0.04:0.14:9.45

MCD + 20% ethanol

1:0.09:1.21:9.28

*Value of CD always taken as 1.0

109




Alcohol

After observing increased  Thepatic LP with administration of the MCDD,
immunochistochemical stains were conducted to determine the localization of this process. 4-
hydroxy-2-nonenal (4-HNE) is a stable late-stage LP product and has been implicated in
biochemical processes instrumental in liver disease (see 2.2.1). Interestingly, in MCD groups
of the LTS, 4-HNE-protein adducts were found exclusively in the same enlarged, lipid-laden
Kupffer cells responsible for clearance of cellular debris, identified earlier by D/PAS (Figure
4.7). Ctrl mice receiving water showed no 4-HNE staining, however occasional Kupffer cells
in Ctrl mice on 8% and 20% alcohol were positive. With few exceptions (Figure 4.19, E)

hepatocytes did not stain positively for 4-HNE adducts (Figure 4.19).
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Table 4.4 (a): Surnmary of biochemical effects of alcohol and/or the MCDD in the STS, with Cul + water used as baseline. All values are expressed as per cent {%] of the

mean of baseline.

Hepatic TG CD fTBARS fTBARS
Ctrl + 4% alcohol 139 137 1022 227
Ctrl + 8% alcohol 139 171 17 307
MCD + water 240 157 870 1563
MCD + 4% alcohol 784 281 1230 3331
MCD + 8% alcohol 486 403 403 3628

Mean values of baseline: Hepatic TG 71.64ug/mg; CD 7.72uMol/mg; ITBRARS 1.29nMol/mg; tTBARS 5.24nMol/mg.

Table 4.4 (b): Summary of biochemical effects of alcohol on a fatty liver in the STS, MCD + water used as baseline. All values are expressed as per cent [%] of the mean of

baseline.

Hepatic TG CD FTBARS tTBARS
MCD + 4% alcohol 327 179 141 213
MCD + 8% alcohol 202 257 46 237

Mean values of baseline: Hepatic TG ; CD 12.12nMolmg; TTBRARS 11.22nMol/mg; tTBARS 81.88nMol/mg.
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Table 4.5 (a): Summary of biochemical effects of long term administration of alcchel and/or MCDD, Cul + water used as baseline. All values are per cent [%) of the mean

of baseline.

ALT AST Hydroxyproline | Hepatic TG | Serum TG PC CD LOOH fTBARS tTBARS CYPIEIL
Cirl + 8% 51 320 P11 326 125 83 116 170 54 112 80
alcohol
Ctrl +20% | 67 97 119 200 82 79 {12 63 12 112 80
alcohol
MCD + 240 312 141 513 110 50 184 208 48 1167 420
water
MCD + 8% | 407 414 120 531 83 52 251 238 49 1607 1160
alcohol
MCD + 490 446 101 578 92 44 156 388 257 979 1180
20% alcohol

Mean values of baseline: ALT 38U/L; AST 40U/L; Hydroxyproline 2.27ug/mg; Hepatic TG 76.44pg/mg; Serum TG 853.:89mg/L; PC 22.3 1 pg/mg;
CD 12.480Mol/mg; LOOH 0.48 nMol/mg; fTBARS .15 nMol/mg; tTBARS 18.44 nMol/mg; CYPZE1L 0.005nMol p-Aminophenol/mg/rmin.

Table 4.5 (b): Sumimary of biochemical effects of alcohol on a fatty liver in the LTS, MCD + water is used as baseline. All values are per cent [%] of the mean of baseline.

ALT

AST Hydroxvyproling | Hepatie TG | Serum TG pC Ch LOOH FTBARS TTBARS CYPIE1L
MCD+8% .| 170 133 a5 103 76 104 136 114 163 138 276
aleohol
MCD + 204 143 71 113 84 88 85 186 538 34 281

20% alcobol

Mean values of baseline: ALT 91.2U/L; AST 124 8U/L; Hydroxyproline 3.2 pg/mg; Hepatic TG 392 41ug/mg; Serum TG 936.64 me/L; PC 11.0%ug/mg;

CD 23.01aMolVmg; LOOH 1.00nMol/mg; fTBARS 4 38nMol/mg; tTBARS 215 16nMol/mg; CYPZE!L 0.021nMol p-Aminophenol/mg/min.
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Chapter 5
Animal Studies of Interactive Hepatoxicity II:

Role of TNFo



THFo

Studies were conducted with the approval of the UCT Ethics Commitiee for Research on

Animals, and in compliance with the standards of the Medical Research Council (MRC).

5.1.1  Study I: Tumounr necrosis factor alpha (TNF o) knockout study (TNFS)

TWFo has been implicated in the pathogenesis of ASH, and is believed to be a critical
factor which drives the pathogenesis NASH (Tilg and Diehl, 2000). However, there
appear to be no studies documenting progression of NAFLD in TtFa lmockout, to
support the putative central role of this cytokine in NAFLD/NASH. This study was
thercfore conducted to investigate the role of TNFo in progression of the nufritional

mode] of WAFLD.

12 wild type (wt) and 12 TNFa knockout (ko) male C5TBL6 mice were allowed two
weeks acclimatisation under sterile conditions in the UCT SPF Unit. Thereafter mice
were placed on MCDD or Cirl diets and water ad libitum for 28 and 30 days (MCDD and
Ctrl respectively). Diets were irradiated and water was autoclaved. Mice were on a

diurnal 12h light/dark cycle, and were weighed weeldy.

Experimental design

-

6wt mice
MCDD
& ko mice f
& wimice
> CTRL
& ko mice

et

Mice were sacrificed by cardiac puncture and exsanguination under ether anaesthetic.

Livers were weighed and divided into lobes as described in 4.1.2.



ThFo

5.1.2 Study 2: Endotoxin study (LPSS)

Endotoxin (lipopolysaccharide, LPS) constitutes a potentially important candidate as one
of the “second hits” driving benign fatty liver to the constellation of hepatic alterations
constituting NASH (see 2.2.2). This study was conducted to evaluate the role of LPS (via

induction of TNFo) in pathogenesis of the rodent nutritional model of NASH.

32 male C57BL6 mice were given 2 weeks to acclimatise in the UCT Animal Facility,
then allowed water and MCDD or Ctrl diet freely for 28 days. Animals were weighed
weekly. 24h prior to sacrifice, half of each group was given intraperitoneal (i.p.) LPS
(0.5pg/g body weight) in 100ul 0.9% sterile saline, or just saline, viz

Ctrl + saline MCDD + saline

n= 8/group
Ctrl +LPS MCDD + LPS

Sacrifice and tissue harvest were as described above,
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5.4 Histopathology

5.4.1 Steatosis

There was an impression of smaller lipid droplets or scantier distribution of lipid in some
MCD ko mice, which may suggest an inhibitory effect of TNFa on hepatic fat accumulation
(Figure 5.4). However this did not translate to a smaller mean score {Table 5.1). Steatosis
was primarily macrovesicular, but most livers also showed some microvesicular steatosis. In
some mice (wt and ko), steatosis involved some hepatocytes in each of the zones and had no

zonal predominance; in these mice, steatosis was either grade 1 or 2.

Although TNFo induction as a result of 1.p. LPS administration caused a minor increase in

hepatic TG of Ctrl mice, this increase did not occur in MCD mice (Figure 5.5).

5.4.2 Inflammation

Lobular inflammation was a feature in all MCDD groups, and foci contained mainly PMN
with lesser numbers of mononuclear cells. In response to LPS treatment, variable numbers of
large areas of confluent necrosis, with an associated infiltrate of PMNSs, were seen, as well as

occasional apoptotic cells.

Interestingly, the livers of MCDD mice injected with LPS showed increased numbers of
necroinflammatory foci, compared to livers from mice injected with saline. However, the

large areas of confluent necrosis seen in Ctrl mice challenged with LPS were not seen.
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Table 5.1: Histolofical features of livers of the TNFS

Treatment | Fat Distribution | Inflammatory | Inflammatory | Macrophage | Macrophage
score foci (score) foci (number) | (D/PAS) (D/PAS)
score® number*
Ctrl wt 0.0+0.0 - 0.0£0.0 172117 0.0£0.0 0.0£0.0
Cirl ko 0.0+0.0 - 0.0£0.0 1.0£0.89 0.0+0.0 0.0£0.0
MCD wt 1L.6711.21 | ** 1.52+0.84 11.5£5.82 0.0+£0.0 0.0+0.0
MCD ko 2.0%1.0 *E 2.75+0.50 21.67+£5.77 0.0+0.0 0.0£0.0

Classification terms: Distributien: Zonal distmbution of hepatocytes containing lipid; Score: Mean score {( standard deviation) per group, as outlined in 3.3; Number:
Refers to average number {+ standard deviation) of inflammatory foci or D/PAS macrophages in 20hpf. *D/PAS Macrophage numbers and scores based on numbers of

enlarged macrophages. **Zonal distribution showed great inter-animal variation.
See Appendix 4.3 for raw data

Table 5.2: Histological features of LPSS livers

Treatment | Fat Distribution | Inflammatory | Inflamnmatory | D/PAS D/PAS
score foci (score) foci (number} | macrophage | macrophage

(score)*® {(number)*

Ctrl + 0.0+0.0 - 0.1320.35 1.5£2.0 0.0£0.0 0.0£0.0

Saline

Cerl + 0.0+0.0 - 1.8840.35 12.543.82 0.0+0.0 0.5+0.76

LPS

MCD + 1.33+0.52 Zone | 2.14+0.69 15.57+£8.66 0.29£0.76 3.0£7.07

Saline

MCD + 1.06+0.56 Zone 1 2.1320.64 16.88+6.53 0.0+0.0 0.134+0.35

LPS

Classification terms: Distribution: Zonal distribufion of hepatocytes containing lipid; Score: Mean score (* standard deviation) per group, as outlined in 3.3; Number:
Refers to average number (+ standard deviation) of inflammatory foci or D/PAS macrophages in 20hpf. *D/PAS Macrophage numbers and scores based on numbers of

enlarged macrophages.
See Appendix 5.3 for raw data
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5.5 Characterization of the Inflammatory Infiltrate

TNFS

Due to unexpected ill health of ko mice, termination of the TINFS had to be conducted on a
public holiday, and materials for cryopreservation of tissue were unavailable,

Immunocytochemical analyses for this study were therefore not possible,

LPSS

INK and B cells were not stained for in this study, as they were absent in the LTS, Stains for
CD4+ and CDE+ cells were conducted, but as in the LTS, none were detected. Kupffer cells
detected by an antibody to F4/80 were found in all liver sections from this study. In saline
treated samples, they were always spindle shaped and were in the sinusoids (Fig 5.6), though
MCD mice had greater numbers than Cirl. Following LPS challenge, there was no apparent
change in morphology of Kupffer cells, however there was a marked increase in the number
of macrophages (Fig 5.6). Lipid-laden Kupffer cells and lipofuscin were not features in this

study.
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5.7 Hepatic and Serum TG, and LP

3.7.1 Factors affecting TG accumulation

The MCDD always caused hepatic TG accumulation (Figures 5.8A and 5.8C); this was due to
reduced TG export, as indicated by lower serum TG in mice receiving the MCDD versus Ctrl
(Figure 5.8B, MCD wt vs Ctrl wt p=0.0022). Hepatic TG accumulation was mitigated, but
not abolished, however by knocking out TNFa (Figure 5.8A, Ctrl wt versus ko p=0.3290;
MCD wt versus ko p=0.9143). This concurs with findings at the light microscopic level, and
may involve increased export of hepatic TG in ko mice, as shown by slight increases in serum
TG for ko animals of both treatment groups, though these increases are not statistically

signficant (Figure 5.8B, Ctrl wt vs ko p=0.3939, MCD wt vs ko p=1.000).

In the LPSS, induction of TNFo appeared to have a slight influence on hepatic TG
accumulation in the 24h between LPS challenge and sacrifice for Ctrl (p=0.5737), but not
MCD, mice (Figure 5.8C). Serum TG levels were unavailable for this study, as serum was
utilised for measurement of serum TNFa. Raw data for hepatic and serum TG measurements

in the TNFS and LPSS are presented in Appendices 4.5, 4.6 and 5.4.
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3.7.2 Phosphatidylcholine
Dwe to technical difficulties, PC values were unreliable for TNFS and LPS and are not

reported in the thesis.

3.7.3 Effect of TNFoxon LP

All animals on the MCDD showed evidence of LP in the TNFS (Figure 5.9). Confrary to
expectation, knocking out TNFa enhanced rather than ameliorated LP.  Although Cul ko
mice had similar levels of CD to Ctrl wt, ko mice receiving the MCDD had higher Tevels of
CD than MCD wt {(p=0.1714). LOOH levels were negligible in all groups. With regard to
fTBARS, ko mice expressed sipnificantly higher levels than wt counterparts {Ctrl p=0.0022,
MCD p=0.0095), TTBARS were also elevated in ko mice versus wt, though the changes did
not reach statistical significance {(Cirl p=0.0649; MCD p=0.2571). The ratio of mean values
of LP indices was calculated as an alternative view of the LP profile in the TNFS {Tahle 5.3).
In Ctrl ko, although LP is enhanced, there is a preference for late products; thus the
proportion of LOOH generated per nMol of CD is only marginally higher than Ctrl wi, while
the proportions of late products (FEFBARS, tTBARS) are markedly increased. In MCD mice,
though higher absolute values of LOOH are produced by ko relative to wt mice (Figure 5.9),
the proportion of LOOH generated per unit of CD s less than in wt mice. The proportion of

late products (FTBARS and {TBARS) however 1s increased in MCD ko mice relative to wit.

Induction of TNFo also increased LP {(Figure 5.10, though in Ctrl mice chatlenged with LPS
this was only noted at the level of tTTBARS (p=0.0002). Mice which received the MCDD and
LPS had higher levels of CD (p=0.1949), fTBARS (p=0.0207) and tTBARS {p=0.3823) than
those in the MCD-saline (reatment group. Interestingly, the ratio of LP products {Table 5.4)
indicates that despite higher absolute values of LP products in mice challenged with LPS, the
proportion of LP products generated per nMol of CD (s only higher in Ctrl mice receiving

LPS {relative to saline Ctrl) at the level of fTBARS and {TBARS. In MCD mice, differences
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Table 5.3: Ratio of LP indices in TNFS.

Treatment Group

Ratio of mean LP products
CD:LOOH:{TBARS:{TBARS

Ctri wt 1.0:0.02:0.08:1.68
Ctrl ko 1.0:0.03:0.80:3.50
MCD wt 1.0:0.07:0.09:2.68
MCD ko 1.0:0.04:0.47:5.87

*Value of CD always taken as 1.0

Table 5.4: Ratio of LP indices in LTS.

Treatment Group

Ratio of mean LP products
CD:LOOH:fTBARS:{TBARS

Ctrl + Saline

1.0:0.09:0.77:0.84

Ctrl + LPS 1.0:0.09:0.81:2.24
MCD + Saline 1.0:0.15:0.51:10.09
MCD +LPS 1.0:0.14:0.65:9.18

*Value of CD always taken as 1.0

Because the enlarged D/PAS positive Kupffer cells (presumed to be responsible for

generation of 4-HNE in the LTS) are absent in short term studies, the main source of 4-HNE

in short term administration of the MCDD was queried, especially in interesting scenarios

where changes in LP are rapid (such as following LPS administration), or steatosis is

mitigated (such as with TNFo ko).

When coded sections were examined, it was impossible to distinguish Ctrl wit from Ctrl ko, as

livers from both groups showed positive staining in some but not all of the small, inactivated

Kupffer cells. Occasional normal hepatocytes also showed positive cytoplasmic staining
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The effects of TNFa on biochemical measurements of liver dysfunction are summarised in
Tables 5.5 and 5.6. Based on the data presented, it is possible to conclude that, while TNFa

may play a role in progression of NAFLD in the MCD model, it does not appear to be

essential for development of NAFLD.
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Table 5.5 (a): Summary of effect of knocking out TNFa on biochemical measurements of hepatic dysfunction. Values are per cent [%] of mean of baseline (i.e. Ctrl wt)
ALT Hydroxyproline | Hepatic TG Serum TG CD LOOH fTBARS {TBARS CYP2E1L
Ctrl ko 225 43 51 115 100 200 964 208 150
MCD wt 1912 105 245 68 173 755 198 277 1850
MOCD ko 914 116 218 71 309 973 1762 1084 3200

Mean values of baseline: ALT 12.5U/L; Hydroxyproline 3.45ug/mg; Hepatic TG 45.97ug/mg; Serum TG 839.16mg/L; CD 7.01nMoVmg; LOOH 0.1 1nMol/mg;

fTBARS 0.58nMoVmg; tTBARS 11.73nMol/mg; CYP2E1 0.002nMol p-Aminophenol/mg/min.

Table 5.5 (b): Summary of effect of knocking out TNFa on biochemical markers of MCDD-induced NAFLD. Values are expressed as % of mean of baseline, MCD wt is

baseline.

ALT

Hydroxyproline | Hepatic TG

Serum TG

Ch

LOOH

FTBARS

tTBARS

CYP2EL

MCD ko

48

89

104

178

129

889

173

Mean values of baseline: ALT 239U/L; Hydroxyproline 3.62pg/mg; Hepatic TG 112.40pug/mg; Serum TG 572.76mg/L; CD 12.13 nMol/mg; LOOH 0.83nMol/mg;

fTBARS |.15nMol/mg; tTBARS 32.46nMolmg; CYP2E] 0.037nMol p-Aminopheno/mg/min.

Table 5.6 (a): Summary of effect of TNFa induction on biochemical markers of hepatic dysfunction. Curl + saline serves as baseline, and values are expressed as % of mean

of baseline.

ALT Hepatic TG CD LOOH fTBARS tTBARS
Ctrl + LPS 563 104 120 113 126 319
MCD + Saline 360 180 153 250 100 1828
MCD +LPS 1524 177 210 310 175 2279

Mean values of baseline: ALT 17.75U/L; Hepatic TG 33.78pug/mg; CD 4.29nMol/mg; LOOH 0.40nMol/mg; fTBARS 3.34nMol/mg; tTBARS 3.62nMoVmg.

Table 5.6 (b): Summary of effect of TNFo induction on progression of MCDD-induced NAFLD. Values are expressed as % of mean of baseline, MCD + saline is baseline.

ALT

Hepatic TG

CD

LOOH

fTBARS

tTBARS

MCD +LPS

423

98

137

124

176

125

Mean values of baseline: ALT 63.88U/L; Hepatic TG 60.92pg/mg; CD 6.560Mol/mg; LOOH 1.00nMolmg; fTBARS 3.33oMol/mg; tTBARS 66.19nMol/mg.
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Chapter Six

Discussion and Conclusions



Discussion

Investigations utilizing animal models to draw conclusions relevant to a human system suffer
numerous drawbacks. The shortcomings of the MCD model of NASH have been discussed 1n
some detail (see 2.1); however, animal models remain the most realistic means of conducting
in depth investigations, which are impossible using human subjects. In most studies, the
MCD model lacks the features required for designation as NAFLD Types 3 or 4/NASH
(Matteoni ef al., 1999) such as ballooning degeneration and significant fibrosis, and thus more
appropriately describes derangements present in NAFLD Type 2. Nevertheless, because
some features prominent in the MCD model, which are probably responsible for the observed
hepatic injury (TG accumulation and lobular inflammation including PMN, increased
CYP2E] activity) are also present in human NAFLD Types 2 to 4, it seems likely that some

of the same mechanisms at play in this model are relevant to human NASH.

The findings of four studies using the MCD model are discussed below. Since all studies
were concerned with the concept of inferactive hepatoxicity, implications of all findings are
brought together in a single chapter, rather than discussed at the end of preceding chapters.
While interpreting the results, three factors must be underscored. Firstly, due to the small
sample size of each study, the values recorded may sometimes not accurately reflect true
population means (U}, or adequately describe real frends and relationships between treatment
groups. In spite of this, 1t is possible to speculate on the implications of findings within the
studies, especially where the trends are clear, and consistent with current scientific ideas of
the pathogenesis of NAFLD/NASH. Secondly, because of disparate storage conditions
between LTS samples (which were stored at —80°C for a few months at most), and livers from
the STS (which were stored at ~80°C for up to a year), direct comparisons between the STS
and LTS should be conducted with caution, especially when analysing potentially unstable
products such as those of LP, some of which (LOOH) are known to be stable for ~14 days at
—20°C (D. Marais, personal communication). To the knowledge of this investigator, long

term stability at lower temperatures has not been documented. Finally, tissue for the LTS,
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TNES and LPSS were collected in a pre-determined fashion, with different lobes allocated to
specific assays (see 4.1). However, livers were not stored in this fashion for preceding
analyses, as the STS sacrifice was conducted previously by colleagues in the UCT NASH
Research Group. While spatial variations in the biochemical indices measured are unlikely to

be significant, this represents another difference between the LTS and STS.

Weight loss as a result of the MCDD was apparent within the first week of feeding in all
experiments, Although the caloric intake of animals was not monitored, this did not appear to
be the result of feed refusal until late in the LTS, when animals appeared too lethargic to
accept feed. NASH has been linked to rapid weight loss in humans (see 1.1), and in this
context is believed to be a consequence of significant influx of FA as a result of adipocyte
lipolysis. Rapid and profound weight loss may contribute to steatosis in human NASH and

may well be a contributing factor in the pathogenesis of the MCD model.

NASH requires, by definition, that the suspected patient consume “insignificant” amounts of
alcohol, yet there is little consensus with regard to the exact quantity to which this refers.
Some authors considered values of >20g/day to be excessive (Bacon ef al., 1994), while
others found 20g/day (Brunt er a/., 1999) and 210g/week acceptable (Teli ef al., 1995). There
appears to be no laboratory data indicating at what level, if any, alcohol begins to contribute
to development of fatty liver disease in the putative non-drinker. The purpose of the STS and
LTS was therefore to investigate the effect of short and long term alcohol consumption (low

to high concentration) on MCDD-induced fatty liver in a rodent model of NAFLD,

Aminotransferases, elevated levels of which are indicative of liver injury, were always
elevated by the MCDD. While Cirl mice in the LTS displayed no definite association
between aminotransferase levels and alcohol concentration, the effect of the MCDD on liver
enzymes was enhanced when mice received alcohol in addition to the deficient diet,

indicating increased hepatic injury. An AST/ALT ratio less than 1 is believed to be
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suggestive of NASH rather than ASH (Zamin et al., 2002); a high AST/ALT is thought to be
indicative of ASH, and in addition identifies patients at risk for fibrosis (Angulo et al., 1999).
The ratio of AST to ALT was slightly greater than 1 in all groups but Ctrl, Ctrl plus 8%
ethanol and MCDD, but was roughly 1 in all other groups. These ratios show no correlation
with the treatments administered, thus it is uncertain as to whether the ratio of liver enzymes

can be used to as an indicator of the presence, or type, of NAFLD in the MCD model.

Light microscopy showed steatosis as a result of the MCDD; the pattern of steatosis was
predominaﬁtly macrovesicular, however in some animals receiving alcohol in addition to the
deficient diet, steatosis was micro- and macrovesicular. In addition, in Ctrl animals, the fat
score was slightly higher when mice received 8% alcohol, and mild microvesicular steatosis
as a result of alcohol intake was seen in Ctrl mice receiving 20% alcohol. This suggests that
the levels of alcohol used in the LTS are sufficient to cause some hepatic dysfunction, even in
the absence of a lipotrope deficient diet, and should probably not be considered
“insignificant” in the context of NAFLD. Steatosis was seen in all zones of the liver but did
not always involve all of the zone 3 regions. This apparent sparing of some zone 3
hepatocytes was due, in part, to the presence of necroinflammatory foci immediately adjacent
to the veins but could also be due to the fact that some of the hepaocytes in these regions were

recently regenerated cells,

Biochemical measurements of TG showed a 139% increase in hepatic TG in STS Ctr]l mice
receiving both 4% and 8% alcohol, compared to the overall baseline (i.e. Ctrl + water). The
MCDD enhanced the TG content to 240% above the overall baseline, and when the MCDD
was consumed with alcohol, it caused further increases of 784% and 486% (4% and 8%
alcohol, respectively). In the LTS, TG levels were typically higher than in the STS, perhaps
suggesting a cumulative effect of the high fat diets on lipid accumulation over time. TG
levels also correlated roughly with fat scores at the light microscopic level.  Alcohol

supplementation increased hepatic TG in both Cirl and MCD. As in the STS, LTS Ctrl mice
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failed to show a dose-dependent correlation between TG content and alcohol concentration,
potentially suggesting that on alcohol alone the maximum possible level of hepatic TG is
quickly reached. On a lipotrope deficient diet, this “ceiling” is necessarily higher, and
because of the putative exacerbating effect of alcohol on fatty liver, further increases in
hepatic TG are also possible, which may correlate with alcohol concentration. Although it is
possible to challenge this hypothesis on the basis of the unusually high levels of hepatic TG in
MCD + 4% alcohol mice in the STS, it must be noted that for this assay, the standard
deviation for mice in this group is relatively high in comparison to other animals in the study,
thus a few unusually high values may skew the mean. Again, this reflects a flaw in using
small sample sizes to draw conclusions which are subsequently extended to the behaviour of

populations.

Steatosis as a result of the MCDD was believed to be due to PC deficiency, which would lead
to deficient VLDL synthesis. Although levels of serum TG in the LTS were comparable in all
treatment groups, apparently challenging this view, it is likely that the high levels of serum
TG in MCD mice simply represents increased (albeit inadequate) TG transport from a
significantly larger hepatic lipid pool than in Ctrl mice. The role of the MCDD in lipid
accumulation was in fact confirmed by PC values of ~50% of Ctrl baseline in MCD groups of
the LTS. However, although MCD mice receiving alcohol had hepatic TG increases of 103%
and 113% relative to MCD mice receiving water (i.e. the MCD baseline), hepatic PC was
elevated to 104% of MCD baseline in mice on the deficient diet and 8% alcohol, but reduced
to 88% of the MCD baseline when mice received 20% alcohol in addition to the MCDD.
This suggests that the mechanism for hepatic lipid accumulation as a result of alcohol
consumption is distinct from the pathway for hepatic TG trapping resulting from a lipotrope

deficient diet.

Several explanations for the effect of alcohol on TG accumulation have been proposed.

Initially, steatosis is believed to be the result of an increased NADH/NAD" ratio, which
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enhances glycerol 3-phospate, a principal substrate for TG esterification (Casini, 2000). This
imbalance is attenuated with time, however, and other factors become operative in long-term
alcohol abuse. These include increases in activity of phosphatidate phosphohydrolase (which
catalyses dephosphorylation of phosphatidic acid to diacylglycerol) and diacylglycerol
acyltransferase (which increases esterification of TG), increased fatty acid binding protein
expression and decreased VLDL secretion of TG (Day and Yeaman, 1994; Eaton ef al,
1997). The latter does not appear to be linked exclusively to direct effects on PC, since
alcohol consumption did not incrementally lower hepatic PC in the LTS. Finally, alcohol is
also believed to drive steatosis by decreasing (-oxidation, although this has been debated
(Eaton ef al., 1997). The hepatoxic effect of alcohol is exacerbated by a lipid-rich diet, since
alcohol enhances FA uptake, and FFA are potentially cytotoxic due to detergent effects on
cellular and organellar membranes (Day and Yeaman, 1994; Casini, 2002). Thus in the
rodent model of interactive hepatoxicity described by the STS and LTS, the various effects of
alcohol on lipid metabolism, the effects of a high fat diet (alone and in association with
alcohol), and lipotrope deficiency, work in concert to drive lipid accumulation and

concomitant hepatic dysfunction,

Inflammation was present in the livers of mice receiving the MCDD, however the
inflammatory score appeared to correlate neither with fat score nor concentration of alcohol
consumed. H&E stains indicated that foci were composed of both PMN leukocytes and
mononuclear cells, which were thought to be mainly lymphocytes; D/PAS stains showed
large numbers of foamy macrophages in MCD livers. In an attempt to understand the role of
inflammation in pathogenesis of the animal model of NAFLD, the phenotypes of cells
comprising the inflammatory infiltrate in the LTS were characterized. Immunocytochemistry
on frozen tissue revealed no NK or B cells in Ctr] or MCD livers, which is consistent with
human NASH. However, CD4+ and CD8+ positive cells, which have been described in
human NASH (Lefkowitch ef al., 2002), were also not detected. Due to limitations of

immurnocytochemistry, it is conceivable that a small number of each T cell subtype could
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escape detection.  Staining for CD3+ cells would detect T lymphocytes irrespective of
subclass, and since this collective number may exceed the number of each type that is
separately detectable, the presence of T cells may thus be established. Alternatively, flow
cytometry (FACS) is a sensitive technique which would analyse and sort lymphocte

subpopulations in the infiitrate.

Immunocytochemistry did, however, show the presence of macrophages/Kupffer cells. Since
Kupffer cells are normal resident cells of the liver, they were also detected in Ctrl samples,
where they were usually spindle shaped and located in the sinusoids. In livers from MCD
mice, Kupffer cells were numerous, enlarged and irregular, and contained lipid droplets and
lipofuscin. The presence of PMNs and Kupffer cells in the MCD model of NAFLD is
unsurprising. Imminent LP is indicated by elevated levels of CD within 1 day of feeding the
MCDD (Rushmore ef al, 1984). Since LP products upregulate adhesion molecules and are
chemoattractant for neutrophils (Pessayre ef al., 1999), the peroxidative process may be at
least partly responsible for recruitment of PMN populations seen in the MCUD mode] and
human NASH. Kupffer cells are instrumental in ingestion and processing of cellular debris
and, with PMN, are also a source of osadative stress. Finally, inflammatory cells are also key
players in the initiation of the cytokine cascade, and although cytokine production is intended

to be hepatoprotective, it may contribute to liver injury.

The MCDD and alcohol also elevated LP in the rodent nutritional model of NASH., LP is
currently believed to be a driving force behind a diverse array of diseases. But since

{1} antioxidant defences (in the way of non-enzymatic radical scavengers such as glutathione
and c-tocophero], and enzymes such as MnSOD and catalase) normally exist to counteract
the effects of cellular oxidative stress, and (2) assessment of LP in all studies reguired
mechanical tissue disruption (thereby bringing into contact peroxidizable substrates,
lipoxygenases and free radicals), the levels of LP presented in all studies may not be an

accurate representation of in vive LP in the MCD model. Furthermore, while differences did
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exist between animals receiving MCDD and Cir]l counterparts with respect to CD and free
TBARS, the most striking change resulting from administration of MCDD often occurred at
the level of total TBARS. The TBARS assay 1s, however, fundamentally flawed. The pink
chromogen resulting from reaction of late LP products with thiobarbituric acid (TBA) must be
generated by heating samples at 100°C for 15min (see 3.5.7), and heat drives LP. In addition,
although the assay is often used as a measure of the scission product malondialdehyde
(MDA}, two molecules of which react with TBA to yield the stable pink chromogen, TBA
reacts with a considerable number of other compounds, including pyrimidine, 2-
aminopyrimidine and sulfadiazine; unsaturated aldehydes (alone or in the presence of a
sugar), and saturated aldehydes in the presence of sugars, TBA also reacts with oxidised 2-
deoxyribose (Knight e¢f al., 1988). It is acknowledged that some of these reactions may not be
relevant in a system utilising hepatic lipid rather than the popularly preferred tssue
homogenate; however, the assay for total TBARS (tTBARS), though accepted in the field as a
legitirnate tool, is still dubious. Since it does not incorporate an antioxidant, it measures not
only hepatic TBARS present at time of sacrifice but also TBARS generated during
subsequent tissue processing and heating of extracted lipid. Thus the remarkable levels of
total TBARS recorded for all studies are, to a larpe extent, artefact. The levels of free
TBARS (fTBARS), which are measured in the presence of an antioxidant, may be more
realistic (and are understandably much lower), however even these may be hampered by
cross-reaction of TBA with other molecules; in addition, some small mofecules of fTBARS

may be potentially volatile and reactive (D). Marais, personal communication).

Although the cytotoxic and profibrogenic effects of LP products have been described (see
2.2.1), the issues discussed above demand that the role of LP in the MCD model be
scrutinized more critically. More sophisticated methods for measurement of in vivo and in
vitro LP would reveal the level of meaningful peroxidation occurring during progressive liver

disease. A time course of LP, generated and analysed alongside other markers of hepatic
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damage, would also shed some light on the interplay between LP and other factors driving

pathogenesis.

In spite of the conceptual and technical concerns detailed above, there is no doubt that LP
does occur during liver injury, and may be a driving force behind this. In the STS,
consumption of alcohol alone elevated CD more than 130% above the Ctrl baseline. In MCD
mice, CD were elevated to 157% above baseline, and in mice consuming 4% and 8% alcohol
in addition to the deficient diet CD increased further, to 179% and 257% respectively above
levels recorded for mice on MCDD alone. The absolute value and proportion of tTBARS
generated per nMol of CD were predictably increased by the MCDD; the absolute value of
tTBARS also correlated directly with alcohol concentration both in MCD and Ctrl mice. In
the case of fTBARS, however, although there was an initial increase in Ctrl mice on 4%
alcohol, consumption of 8% reduced fTBARS to a staggering 17% of the Ctrl baseline; the
proportion of fTBARS generated per nMol of CD also decreased with increased alcohol
concentration. A similar but less striking trend was seen in MCD mice. Co-administration of
the MCDD and 4% alcohol raised fTBARS to 141% of the level of the MCD baseline,
however in mice receiving the MCDD and 8%, fTBARS dropped to 46% of the MCD
baseline. The nMols of fTBARS generated per nMol of CD was also inversely proportional

to alcohol concentration.

In the LTS, LP products were in general elevated relative to the STS; this may suggest either
a time-dependent increase in LP and/or accumulation of LP products in the LTS, or
degradation of LP products in the stored STS tissue. In Ctrl mice, CD were elevated relative
to the overall baseline when alcoho! was consumed, however this appeared to be at a steady
state, beyond which further increases were not possible. This was the case also for absolute
value of tTBARS, though a profile of the ratio of tTBARS to CD indicates that the nMols of
tTBARS generated per nMol of CD actually continues to increase with increased alcohol

concentration. Mid-stage LP products (LOOH) were never prominent in any group, In Curl
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mice, absolute values of LOOH displayed the same unexpected pattern seen for fTBARS in
the STS; thus consumption of 8% alcohol elevated LOOH to 170% above baseline, but
consumption of 20% alcohol decreased LOOH to 63% of baseline. Howewer, as with
tTBARS, the nMols of LOOH generated per nMol of CD continued to increase in proportion
to alcohol concentration. FTBARS showed a concentration-dependent decling in Ctrl mice,
both in terms of absolute value and proportion of fTBARS generated per nhdol of CD. The
MCDD alone significantly elevated all indices of LP except fTBARS (which were
unexpectedly reduced), relative to the overall baseline. In mice consuming alcohol and the
MCDD, CD levels were elevated to 136% above the MCD baseline (8% alcohol), but dropped
to 86% of the MCD baseline when mice consumed 20% alcohol. A similar pattern was seen
for tTBARS. Absolute values of LOOH and {TBARS, however, showed an alcohol

concentration-dependent increase in mice on the MCDD and alcohol.

If it 15 assumed that the LP assays are essentially a valid indication of the staws of LP, as well
as the profile of LP products in the MCD model, the data presented strongly suggests that,
although LP may be upregulated by aleohol andfor a lipotrope deficient diet, these
interventions cause different fluxes in the LP pathway. In short, dilferent treatments may
favour generation of different types of products at the expense of others. Further studies are

required to understand the implications of these findings.

A commen late LF product, 4-HNE, is stable and can diffuse to sites distant from the peoint of
origin. The effects of 4-HINE include inhibition of RNA and DINA synthesis, modification of
proteins, stimulation of neutrophil migration, enzyme inhibition and activation of stress-
signalling pathways (Luckey and Petersen, 2001), To investigate the source of this cytotoxic
product of LP, immunohistochemistry was conducted to detect protein adducts of 4-HNE.
The results showed that in the LTS, D/PAS positive Kupffer cells appeared to be the source of
4-HNE. The enlarged D/PAS positive Kupffer cells in the LTS probably represent a reaction

to significant hepatic damage, at which time they are responsible for phagocytosis and
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processing of cellular debris at sites of hepatocyte necrosis and/or apoptosis (Vrba and
Modriansky, 2002). The presence of 4-HNE adducts in Kupffer cells suggests that they may
also inadvertently contribute to pathogenesis of NAFLD. Enlarged ‘activated’ Kupffer cells
were not present at earlier time points, and normal Kupffer cells did not appear ¢ express 4-

HNE.

Finally, activity of CYP2E!1 in the LTS was investigated. Enhanced CYP2E! activity in the
MCD model of NASH has been described, and roles for CYP2E1 and CYP4A as catalysts of
microsomal LP have been demonstrated (Weltman er al, 1996; Leclercq ef al., 2000;
Robertson ef o/, 2001; see 2.2.7). The findings obtained from the LTS, which show CYPZE!
activity to be enhanced 420% above Ctrl baseline in MCD mice, are consistent with the
findings of these authors. CYP2EL! is also involved in the microsomal pathway of ethanol
metabolism, and thus, as expected, activity of this enzyme was further upregulated by ethanol
consumption in the LTS (to 276% above the MCD baseline by 8% alcohol, and 281% above
the MCD baseline by 20% alcohol). Because significantly higher concentrations of alcohol
do not cause a proportional increase in CYPZE!L activity, however, it can be assumed that a
moderate amount of alcohol is sufficient to elevate enzyme activity to maximum, steady state
levels, beyond which marked increases are no longer possible. Despite its known role as a
catalyst of microsomal LP, however, CYP2E] activity did not correlate with CD (r=0.6000,
p=0.2417), LOOH (r=0.8286, p=0.0583), fTBARS (r=0.3714, p=0.4972) or tTBARS

(r=0.6571, p=0.1750) in the LTS.

The implications of the findings in the alcoho/MCDD interactive hepatoxicity studies can be
summarised by the following conclusions:
1. The MCDD causes TG accumulation (as a result of PC deficiency) and oxidative

stress due to increased LP.
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2. The MCDD s associated with inflammation, comprised mainly of PMN and
macrophages/Kupffer cells, the latter of which are demonstrably a source of a
cytotoxic LP product, 4-HNE.

3. MCDD resulted in only mild pericellular fibrosis in zone 3. Contrary to expectation,
this was not enhanced by the addition of alcohol m either the STS or LTS,

4. Alcohol  consumption  aggravates NAFLD, as indicated by elevated
aminotransferases, mmcreased lipid accumulation and decreased TG export.  Alcohol
consumption also favours enhancement of some indices of LP,

However, because minor signs of alcohol-induced hepatic damage are evident even in
Ctrl animals, the levels of aleohol utilised in the 8T8 and LTS cannot be considered
“insignificant”.  Although metabolic differences discourage direct comparisons
between the effect of alcohol consumption on rodents and humans, the results of the
STS and LTS raise the possibility that so-called “insignificant” amounts of alcohol
consumed by some patients with NAFLD may in fact be contributing to the liver
injury that is currently designated as “non-alcoholic”. However, verification of this
theory will require further analyses, which would whittle down boundaries in order to
establish the threshoid, if one exists, at which alcoholic liver injury becomes
superimposed on hepatic injury of non-alcoholic aetiology. For example, future
studies could investigate the effect of very low alcohol levels on NAFLD. However,
it is likely that other factors will continue to affect the way an individual reacts to
alcohol in the context of WNAFLD. For example, the rate of aleohol metabolism, and
clearance of the toxic product aceltaldehyde, varies from individual to individual
(Boggan, 2003). This may be affected by such factors as polymorphisms in the genes
for alcohol dehydrogenase (ADH), which catalyses the reaction

CHyCH,OH + NAD oo CHLCHO + NADH +H”

The effects on lipid metabolism of a hormeostatic imbalance introduced by excess
reducing equivalents (NADH) have been previously discussed. In addition, the well-

documented intolerance to alcohol in some Asian populations due to alleles of ADHZ

149



Discussion

and ADH3 that rapidly generate acetaldehyde, supports the theory that there may
therefore exist no “magic number” that describes a one-size-fits-all level of alcohol
consumption that is universally insignificant. In the context of NAFLD, it may be
safer to diagnose “NASH” only in non-drinkers, however, this “all or nothing”
proposition is both simplistic and unrealistic. The role of alcohol in NAFLD
therefore requires critical scrutiny.

5. The MCDD upregulates activity of CYP2EI, and this is further enhanced by alcohol.
The deleterious effects of this induction may derive from increased microsomal LP,
and possibly increased w-oxidation {catalysed by CYP2E1). This process generates

dicarboxylic acids, which are toxic to mitochondria (Day and Yeaman, 1994).

TNFo is known to be play a role in the pathogenesis of ASH, and is currently believed to be
pivotal in the development and progression of NASH (Tilg and Diehl, 2000). The fact that
this cytokine is capable of mediating a number of the cytotoxic effects associated with fatty
liver disease, supporting a pro-inflammatory cascade that enhances hepatic damage, and
driving IR, appears to support this belief. However, while studies on the effect of TNFa
induction abound, there are insufficient investigations of the effect of TNFo abrogation to
circumstantiate the hypothesis that this cytokine is indeed critical or even essential for
development of NAFLD. The aim of the TNFS was to compare progression of the rodent
nutritional model of NAFLD/NASH in a setting in which TNF« regulation was “normal”,
versus a sefting in which expression of the cytokine had been genetically abolished. This was
accomplished by placing wt and TNFa ko mice on MCDD or Ctrl diets. Liver histology,
serum ALT, indices of LP and CYP2E] activity were assessed as indicators of the extent of

hepatic dysfunction.
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The LPSS study served as an adjunct to the TNFS, and was conducted to assess the effect of
TNFo induction (due to LPS challenge) on MCDD-induced NAFLD. The effects of this
induction were gauged by assessment of liver histology, measurement of serum ALT and LP.
This study was also conducted to characterise inflammatory cells present during short term
MCDD administration, and to compare these to those present in the LTS, Although the
implications of results of the TNFS and LPSS must necessarily be brought together to forma
more comprehensive picture of the role of TNFx in liver injury, direct comparisons of
absolute values from both studies are discouraged. Because animals lacking TNFa are unable
to mount an adequate response to infections requiring a full pro-inflammatory cyiokine
cascade, the TNFS was conducted in a sterile environment; water was aufoclaved and chow
was irradiated for all animals. The experimental diets have a high fat content: 10% by mass
of the diet is corn oil. Although this oil contains a relatively high quantity of sterols and its
unsaturated fatty acids are generally believed to have good oxidative stability (ID. Marais,
personal communication), the effects of gamma irradiation on the constituent double bounds

of comn oil, and on other non-lipid components of the diet, are unknown.

Aminotransferase levels were elevated in Ctrl ko mice relative to wt counterparts, perhaps
suggesting that even when they are transcriptionally silent, functional TNFo genes may be
essential for homeostasis. In mice receiving the MCDD, however, ko mice had lower levels
of ALT than wt, supporting the belief that TNFo may aggravate liver injury. Confirmation of
this belief was obtained from the LPSS, where induction of TNFa by LPS challenge

consistently increased ALT levels in both Ctrl and MCD mice.

Although steatosis still occurred in MCD mice of the TNFES, knocking out TNFo decreased
absolute values of hepatic TG. Serum TG in Ctrl ko were increased to 115% of Ctrl wt (the
overall baseline for the TNFS), and in MCD ko they were elevated to 104% of the value for

MCD wt; this suggests that reduced hepatic lipid accumulation in ko mice may be the result
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of increased hepatic TG export. The effects on TG accumulation can be explained by the
effect of TNFo on lipid metabolism. 60-90min after administration of low doses of this
cytokine, incorporation of glycerol into hepatic TG is increased 57%. De novo FA synthesis
and TG export are also acutely increased (Feingold ef a/., 1989; Feingold et al., 1990). Other
studies found that if TNFa was stimulated by LPS administration, serum TG levels were
increased 62%, serum cholesterol increased 41%, hepatic TG was increased 2.7-fold and
hepatic cholesterol was increased 8.6-fold (Memon ef al., 1993). At high doses of LPS, TG
synthesis remains high, but clearance of TG by VLDL is decreased, further increasing hepatic

TG accumulation (Feingold ef al., 1992).

The rapid increase in hepatic TG in response to LPS challenge described by other authors
(Memon ef al., 1993) was not seen in the LPSS, although Cirl mice receiving LPS did have
slightly elevated levels of hepatic TG relative to saline controls. Mice receiving the MCDD
and LPS had slightly lower levels of hepatic TG than MCDD mice that received saline. This
may be related to the ability of excess TNFo coupled with a high fat diet to inhibit gastric

clearance, leading to malabsorption of fat (Feingold et al., 1990).

In human NASH, the inflammatory infiltrate consists of PMN, Kupffer cells and lymphocytes
(Brunt, 2001; Lefkowitch, 2002), in contrast to the Kupffer cell rich composition of the LTS.
To investigate this, immunocytochemistry was conducted on liver samples from the LPSS.
This study maintained mice on Ctrl and MCDD for the same duration (4 weeks) as mice on
the STS, on which the above hypothesis was based. H&E stains showed the presence of both
PMN and mononuclear cells in the LPSS, thus immunocytochemistry was conducted to assess
the phenotype of the mononuclear cell component. Although no CD4+ or CD8+ cells were
observed, antibodies to F4/80 detected Kupffer cells in both Ctrl and MCD samples of the
LPSS. In all treatment groups of the LPSS, these cells were morphologically similar to F4/80

positive cells identified in Ctrl samples of the LTS, and did not contain lipid or lipofuscin, as
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seen in MCD samples in the LTS, As expected, however, the number of Kuptfer cells was

increased by LPS challenge.

Contrary to expectations, however, knocking out TNFe did not protect against LP. In Cirl ko
mice, CD levels were the same as in wi, However, although levels of LOCOH minimal in all
groups, these products were increased 200% in Ctrl ko, while fTBARS and tTBARS were
clevated 964% and 208% above baseline, respectively. LP products were unilaterally
increased in Cirl ko mice, with increased generation of LOOH, fTBARS and (TBARS per
nhol CD, compared to Corl ko, In comparison to MCD wi, MCD ko mice had elevated levels
of CD (178%), LOOH (129%), fTBARS (889%) and tTBARS (392%). However, although
the proportion of fTBARS and tTBARS generated per nMol of CD was also elevated in MCD
ko relative to wt, the nhols of LOOH generated per nMol CD was less in MCD ko than wt.

It is not known whether this reflects an inhibitory effect on lipooxygenases,

LPS challenge of Ctrl mice caused modest and consistent changes in absolute values of CD
(120%), LOOH (113%) and {TBARS (126%), though (TBARS were strikingly elevated
(319%) compared to baseline. In addition, proportion of LOOH produced per nMol of CD
proportion of ITBARS generated per nMol CD reflected absolute values and was much higher
than in Crri/saline mice. This data may suggest that TNFw induction generates a "controlled”
peroxidative process. In MCD mice, absolute value of all LP products were also enhanced by
TWNFa induction, though as with Cirl mice, the proportion all these products produced per
nilol of CD was not significantly different from MCDysaline. The effect of LPS on LP has
been documented (Basu and Eriksson, 2000; Bochkov ef al., 2002}, and is believed 1o be due
in part to LPS-induced nitric oxide synthase activity (Basu and Eriksson, 2000). It has been

sugpested (Bochkov er af., 2002) that the enhanced LP is due to rapid oxidation of PL {in part
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group, hepatocytes and Kupffer cells in the sinusoids were the source of 4-HNE in the TNFS.
Hepatocytes containing 4-HNE were more prominent in livers of mice receiving the MCDD,

however they were also occasionally found in livers of ko and wt mice on the Ctrl diet.

There are at least two possible scenarios explaining the presence of 4-HNE in hepatocytes of
the TINES, but not LTS. Firstly, it is conceivable 4-HIWE may be generated after long term
admimstration of the MCDD from reaction of ingested, peroxidized hepatocyte membrane
lipids with D/PAS Kupffer cell membranes, as well as ROS produced as a consequence of the
oxidative burst. The second scenario, described below, involves the ability of Kupffer cells to

metabolise 4-HNE.

The absence of 4-HNE in hepatocytes of MCD mice of the LTS may be due to the ability of
hepatocytes to detoxify and metabolise this compound using alcohol dehydrogenase (ADH),
aldehyde dehydrogenase { ALDH) and, especially, glutathione S-transferase {GST) enzymatic
pathways (Luckey and Petersen, 2001). In response to LP, it is possible that these pathways
may be upregulated in hepatocytes, leading to more efficient disposal of 4-HNE with time.
Kupffer cells, however, have 45 times lower cellular glutathione levels than hepatocytes, and
these levels diminish significantly after exposure to 4-HNE due to ltmited Kupffer cell
capacity to metabolise this compound. Viewed in terms of efficiency, Kupffer eells are 100-
fold less efficient than isolated hepatocytes at metabolising 4-HNE (Luckey and Petersen,
2000). Thus, it is also concetvable that the observed staining in the LTS is the result of

prolonged build-up of this compound in Kupffer cells,

With regard to CYP2E], the interesting finding in this project was the unexpected relationship
between this enzyme and TNFe.  As discussed, CYPZEL is upregulated in human
MNAFLID/NASH, which is also associated with increased levels of TNFo. The motivation for

measurement of CYP2E] activity in the TWNES was the hypothesis that abolition of TNFa
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would mitigate features of hepatic injury, and it was expected that this could be reflected in
terms of reduced CYPZE! activity. However, knocking out TNFa increased CYP2E]
activity. This may correlate with the finding that TNFo ko mice also have elevated levels of
hepatic LP in the MCD model of NASH. Although the exact reasons for the elevated
CYPZEL activity in TNFo ko mice are currently unclear, a recent study of Fao rat hepatoma
cells {which constitutively express CYP2EL) suggests that proinflammatory cytokines (IL1[3,
IL-6 and TNFa) have a rapid (within 24h) and strong inhibitory effect on CYPIE]
transcription. Levels of CYP2EL protein are also decreased, however this effect is not
observed until 72h after cytokine administration (Hakkola ef af, 2003). Whether this is
relevant in the MCD model is not known, and investigations of CYP2E] activity were not
conducted on the LPSS. This was due to the preconceived misconception at the start of thrs
study that TWFa was pivotal in liver injury, and that therefore TNFao induction would simply
enhance all markers and contributors to liver injury, including CYP2EL. However, the results
of the TINFS study clearly challenge this hypothesis, and the effects of LPS on CYP2E] are in
fact extensively documented in the literature {Saitoh ef al, 1999, Renton and MNicholson,
2000; Cheng et al, 2003). A recent report documented downregulation of CYP2E!
transcriptional activity in rats to 10% of controls after LPS admimistration (Cheng ef al.,
2003). LIS injection into the lateral ventricle was also accompanied by loss of CYPFZE!
activity in an earlier study (Renton and Nicheolson, 2000). Due to various constraints, 1t is not
possible at this time to investigate CYP2E1 activity in an LPSS, however it is presumed that

if conducted, future analyses will corroborate the findings of Cheng ef al. (2003}

Serum TNFo could not be detected in the LPSS because samples were too dilute, however
TNFo upregulation is 2 well known consequence of LPS challenge, and is in fact responsible
{or many of the negative effects of LPS (Raeburn ef af., 2002; Ulmer ef /., 2002). In a study
using rats, TNFo was elevated as a result of the MCDD, and further increased after LPS

administration (Chawla ef g/, 1998). In another study on rats receiving the MCDD and LPS,
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administration of exogenous S-adenosylmethionine (adomet, a necessary metabolic

intermediate in the transsulfuration pathway which is formed from methionine and ATP in a

reaction catalysed by methionine adenosyltransferase) attenuated LPS-induced TNFq

expression and mitigated LPS-induced liver injury (Watson ef /., 1999).

In conclusion, the findings of both the TNFS and LPSS suggest the following:

I.

TNFo exacerbates liver injury in the rodent nutritional model of NAFLD. However,
because liver injury still occurs in the absence of this cytokine, it is neither pivotal nor
essential for development or progression of NAFLD. Furthermore, the role of TNFo
in liver disease is likely to be highly complex, and it may even be required for
moderation, as well as controlled induction of, LP.

Although TNFa and CYP2E1 have both been implicated in the pathogenesis of
NASH, TNFa expression downregulates CYP2E1 activity. The complex and
seemingly paradoxical relationship between this cytokine and enzyme merit further
investigation,

LP, which is commonly believed to be a direct consequence of peroxidation of TG in
fatty liver, is the result of more complex interactions that are possibly only initiated
by hepatocellular lipid accumulation. Furthermore, the cell types responsible for
generation of certain LP products, such as 4-HNE, may vary with time and/or severity

of disease.
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TNFo during the progression of liver disease as a result of “hits” such as loss of NF«[3
induction or activity. Thus, in chronic liver disease, hepatocytes react adversely to levels
of TNFa that would encourage proliferation rather than cell death in healthy parenchymal
cells (Tilg and Diehl, 2000). Although this theory is tempting and elegantly simple,
subsequent investigations in ob/ob mice indicated that fatty liver remained vulnerable to
damage despite NFx[3 induction (Yang er al, 2001). Furthermore, NFx[3 has now
emerged as a transcription factor which is silent in healthy HSC but active when these cell
types become non-quiescent {Mann and Smart, 2002), perhaps suggesting a role in

fibrosis.

Finally, it is important to bear in mind that NASH is in many ways a disease of affluence. It
is therefore essential, above all, to devote efforts not just to finding pharmacological or
invasive solutions to this disease, but to drawing the attention of consumers and patients, in

these days of excess, to the benefits of healthy lifestyle habits and exercise,
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Appendix 2
Raw Data: Long Term Study



Appendix 2.1: Weights [g] during LTS

Cage # | Treatment Mass at Mass at Mass at Mass at Mass at Mass at
Week 0 Week 1 Week 2 Week 3 Week 4 Week S
Mouse # 1 1 MCD/water 30.4 30.5 32.0 32.1 23.8 23.0
Mouse # 2 1 MCDiwater 25.8 26.5 27.7 27.5 259 21.8
Mouse # 1 2 MCD/water 27.6 28.0 28.3 28.4 24.6 21.8
Mouse #2 2 MCD/water 27.6 27.2 28.0 27.2 23.3 21.7
Mouse #1 3 MCD/water 26.5 273 28.1 27.9 22.5 20.5
Mouse #2 3 MCD/water 294 204 314 30.5 25.4 23.6
Mouse #1 | 4 MCDiwater | 27.6 27.9 28.5 27.7 23.7 21.7
Mouse #2 4 MCD/water 26.4 27.5 28.0 27.3 2277 21.2
Mouse #1 5 MCD/water 28.6 29.2 30.0 30.0 29.0 299
Mouse #1 6 MCD/water 30.7 314 31.6 32.8 32.1 332
Mouse #1 7 MCD/water 26.9 27.2 28.0 27.0 27.3 28.2
Mouse #1 8 MCD/water 26.6 27.2 28.1 28.8 27.8 30.0
Mouse #1 9 MCD/water 28.2 28.5 30.8 31.0 311 31.3
Mouse #2 9 MCD/water 29.4 29.7 31.5 31.0 32.0 32.5
Mouse #3 9 MCD/water 27.4 28.1 264 28.1 30.0 30.5
Mouse #4 9 MCD/water 22.4 22.1 234 23.4 23.0 23.5
Mouse #1 1 MCD/8% 26.8 29.4 30.9 311 25.8 23,5
Mouse #2 1 MCD/8% 28.9 27.0 28.4 29.3 23.9 21.5
Mouse #3 1 MCD/8% 252 25.5 27.2 27.9 23.7 21,7
Mouse #1 2 MCD/8% 23.8 24.0 24.9 24.8 21.4 20.1
Mouse #1 3 MCD/8% 26.6 27.0 29.4 294 23.2 214
Mouse #2 3 MCD/8% 27.4 26.4 274 27.8 23.5 21.8
Mouse #3 3 MCD/8% 27.1 27.1 28.8 28.5 24.2 22.5
Mouse #4 3 MCD/8% 26.8 27.4 28.4 29.2 23.9 21.6
Mouse #1 4 MCD/8% 26.8 26.9 27.6 27.5 24.1 22.6
Mouse #1 5 MCD/8% 32.9 32.9 34.3 34.8 35.7 36.1
Mouse #2 5 MCD/8% 29.7 30.1 31.2 31.6 31.9 31.7
Mouse#3 | 5 MCD/8% 24.6 24.9 25.1 25.4 25.9 26.1
Mouse #1 6 MCD/8% 317 31.6 333 334 334 334
Mouse #2 6 MCD/8% 304 31.3 33.0 33.1 338 33.8
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Cage # | Treatment Mass at Mass at Mass at Mass at Mass at Mass at
Week 0 Week 1 Week 2 Week 3 Week 4 Week S
Mouse #3 6 MCD/8% 30.9 31.4 329 31.9 32.0 33.0
Mouse #1 7 MCD/8% 28.6 29.4 29.8 29.4 30.6 30.3
Mouse #1 1 MCD/20% 29.9 30.1 30.0 31.8 26.2 24.1
Mouse #{ | 2 MCD/20% | 29.5 29.9 30.2 30.0 25.6 23.6
Mouse #1 3 MCD/20% 26.2 26.4 26.5 27.5 230 21.0
Mouse #1 4 MCD/20% 27.0 27.6 28.6 27.5 24.5 22.1
Mouse #2 4 MCD/20% 26.9 26.8 28.4 28.2 23.9 22.3
Mouse #1 5 MCD/20% 24 .4 24.5 254 26.3 26.8 26.8
Mouse #2 5 MCD/20% 26.6 26.2 27.2 26.9 27.3 27.9
Mouse #3 5 MCD/20% 27.7 27.9 29.2 26.2 29.7 29.5
Mouse #1 6 MCD/20% 27.6 28.3 29.1 28.7 29.0 30.3
Mouse #1 7 MCD/20% 231 23.1 23.4 24 4 24.5 24.6
Mouse #2 7 MCD/20% 25.0 26.4 27.3 27.5 27.7 28.6
Mouse #1 8 MCD/20% 28.3 29.2 29.2 29.5 29.2 30.5
Mouse #1 9 MCD/20% 28.4 27.8 30.1 29.3 29.5 30.3
Mouse #2 9 MCD/20% 29.2 27.5 29.3 28.4 30.2 30.7
Mouse #3 9 MCD/20% 28.2 27.8 30.1 30.8 30.7 32.2
Mouse #1 10 MCD/20% 29.2 29.2 30.1 30.2 30.8 31.0
Mouse #2 10 MCD/20% 26.7 27.2 27.2 27.2 27.2 27.4
Mouse #1 1 Crl/Water 27.9 28.9 30.2 29.4 33.3 34.3
Mouse #2 1 Cul/Water 24.3 24.3 25.4 259 28.4 29.8
Mouse #3 1 Crl/Water 27.6 27.5 27.9 27.5 30.1 323
Mouse #1 2 Curl/Water 25.3 25.8 27.4 27.2 28.8 28.8
Mouse #2 2 Cul/Water 27.1 28.2 29.5 29.4 33.3 33.8
Mouse #3 2 Cul/water 26.3 26.4 28.0 27.9 29.1 284
Mouse #1 3 Cul/Water 27.6 294 29.6 29.3 30.5 30.5
Mouse #1 4 CrrlfWater 30.1 30.3 29.5 30.2 32.2 334
Mouse #1 5 Crrl/Water 21.9 22.4 22.9 23.2 23.6 23.8
Mouse #2 5 Crrl/Water 22.2 22.9 24.1 24.1 24.4 25.0
Mouse #3 5 Crrl/Water 24.5 25.1 25.9 26.9 27.6 28.4
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Cage # | Treatment Mass at Mass at Mass at Mass at Mass at Mass at
Week 0 Week 1 Week 2 Week 3 Week 4 Week 5
Mouse #4 5 Cirl/Walter 26.6 272 28.5 29.1 30.4 313
Mouse #1 6 Cul/Water 284 29.5 29.9 30.5 30.3 30.8
Mouse #1 7 Curl/Water 21.8 254 25.5 25.2 253 25.7
Mouse #1 8 Cul/Water 28.9 29.9 307 316 31.6 316
Mouse #1 1 Curi/g% 27.3 28.4 28.8 29.1 29.0 29.0
Mouse #1 2 Cul/g% 26.7 26.2 27.6 26.2 28.6 28.8
Mouse #2 2 Curif8% 24.8 24.9 26.1 26.2 279 299
Mouse #3 2 Curl/8% 25.8 26.8 273 27.1 29.2 30.6
Mouse #4 2 Cul/8% 27.1 271 29.1 28.3 27.9 279
Mouse #1 3 Curl/8% 24.4 24.0 25.0 26.1 28.2 293
Mouse #2 3 Curl/8% 22.8 226 23.8 24.1 26.4 26.8
Mouse #3 3 Cul/8% 26.0 254 26.1 27.1 28.5 29.0
Mouse #4 3 Curl/8% 242 24.1 244 24.4 26.1 27.4
Mouse #1 4 Cul/8% 25.5 264 27.5 27.5 30.0 304
Mouse #2 4 Culf8% 24.1 25.0 255 25.0 26.9 27.5
Mouse #3 4 Curl/8% 211 21.8 227 22.6 22.8 23.6
Mouse #1 5 Cirl/8% 22.5 237 24.4 243 25.2 256
Wiouse #2 5 Cirt/8% 24.8 26.2 27.1 26.1 27.0 274
Mouse #1 6 Cul/8% 29.7 29.9 30.8 30.7 30.5 316
Mouse #1 7 Crl/8% 32.1 33.8 32.5 339 33.5 350
Mouse #1 8 Cul/g% 237 242 244 24.9 25.1 25.7
Mouse #1 1 Cul/20% 30.0 304 311 312 345 355
Mouse #1 2 Cirl/20% 27.0 25.3 25.6 26.0 30.0 318
Mouse #2 2 Curl/20% 24.2 24.2 28.6 28.0 28.0 29.8
Mouse #3 2 Cirl20% 24.9 24.9 25.7 26.8 28.1 294
Mouse #4 2 Cul/20% 24.7 24.4 25.6 263 28.2 28.8
Mouse #1 3 Cui/20% 27.1 27.9 28.0 26.1 29.0 29.8
Mouse #1 4 Curl/20% 25.4 29.7 30.2 30.6 33.5 34.0
Mouse #1 5 Cul20% 25.6 25.8 26.8 274 274 27.1
Mouse #1 6 Curl/20% 22.6 23.0 23.6 24.0 24.6 25.2
Mouse #2 6 Crl/20% 243 254 263 26.1 27.3 277
Mouse #3 6 Curl/20% 234 24.1 246 25.0 260 26.6
Mouse #1 7 Cul/20% 275 27.0 289 28.7 282 29.3
Mouse #2 7 Curl/20% 29.6 29.2 310 303 314 32.1
Mouse #3 7 Cirl/20% 25.6 26.2 28.6 28.6 29.9 29.6
Mouse #4 7 Curl/20% 24.2 24.5 25.4 24.8 25.5 259
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Weeks 6-9

Cage # Treatment Mass at Mass at Mass at Mass at

Week 6 Week 7 Week B Week ¢

Mouse#1 | | MCD/water | Sacrificed on Monday, June 24 2002

Mouse # 2 1 MCD/water | for prefiminary assessment of hepatic

changes

Mouse # 1 2 MCD/water | 20,4 19.6 18.8 18.4
Mouse #2 2 MCD/waier 20.9 20.0 19.6 19.1
Mouse #1 3 MCD/water 19.3 18.7 17.6 17.1
Mouse #2 3 MCD/water 22.5 21.8 211 211
Wouse #1 4 MCD/water 19.3 19.4 18.9 18.6
Mouse #2 4 MCD/water 20.1 18.7 17.3 16.7
WMouse #1 5 MCD/water 24.6 22.3 21.4 20.1
Mouse #1 6 MCD/water 27.9 24.9 23.3 22.4
Mouse #1 7 MCDfwater | 230 21.1 20.0 18.9
Mouse #1 8 MCD/water 25.0 23.6 21.6 20.4
Mouse #1 9 MCD/water 26.4 23.8 22.3 21.0
Mouse #2 9 MCD/water 26.9 24.2 23.3 22.6
Mouse #3 9 MCD/water 24.3 22.1 21.0 19.9
Mouse #4 9 MCD/water 199 18.0 17.2 16.3
Mouse #1 i MCD/8% 20.4 21.1 20.2 19.8
Mouse #2 1 MCDI8% 20.0 18.9 18.3 17.3
Mouse #3 1 MCD/8% 22.7 19.4 18.4 18.0
Mouse #1 2 MCD/B% 18.9 18.0 17.1 17.0
Mouse #1 3 MCD/8% 20.3 19.5 18.4 17.9
Mouse #2 3 MCD/8% 20.6 19.8 194 18,2
. Mouse #3 3 MCD/8% 21.0 20.1 181 18.3
Mouse #4 3 MCD/8% 204 9.1 18.7 18.4
Mouse #1 4 MCD/8% 21.5 19.8 18.6 18.0
Mouse #1 5 MCD/8% 29.4 26.8 252 23.9
| Mouse #2 5 MCD/8% 26,9 23.5 22.7 21.5
Mouse #3 5 MCD/8% 21.8 20.0 18.6 17.7
Mouse #1 6 MCD/8% 28.2 24.8 22.8 21.6
Mouse #2 6 MCD/8% 27.7 24.6 23.3 22.0
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Cage # | Treatment Mass at Mass at Mass at Mass at
Week 6 Week 7 Week 8 Week 9
Mouse #3 6 MCD/8% 27.5 24.1 22.0 21.0
Mouse #1 7 MCD/8% 258 27.4 23.3 21.9
Mouse #1 1 MCD/20% 22.8 21.0 20.7 20.4
Mouse #1 2 MCD/20% 224 21.3 194 19.9
Mouse #1 3 MCD/20% 19.0 184 17.6 17.2
Mouse #1 4 MCD/20% 20.6 19.7 18.9 18.4
Mouse #2 4 MCD/20% 21.5 20.4 19.6 18.9
Mouse #1 5 MCD/20% 22.7 203 18.9 18.0
Mouse #2 5 MCD/20% 24.4 22.4 21.1 20.1
Mouse #3 5 MCD/20% 258 22.6 21.0 20.3
Mouse #1 6 MCD/20% 26.8 247 235 22.3
Mouse #1 7 MCD/20% 21.7 19.8 18.3 17.8
Mouse #2 7 MCD/20% 23.8 21.8 20.4 20.0
Mouse #1 8 MCD/20% 25.6 24.0 22.1 20.9
Mouse #1 9 MCD/20% 25.5 23.0 20.5 20.0
Mouse #2 9 MCD/20% 25.1 24.4 21.5 20.3
Mouse #3 9 MCD/20% 26.9 23.1 22.4 21.5
Mouse #1 10 MCD/20% 25.2 22.6 20.8 19.7
Mouse #2 10 MCD/20% 23.6 21.7 20.6 19.9
Mouse #1 1 Curl/Water 33.0 39.2 40.3 42.0
Mouse #2 1 Crrl/Water 30.3 30.8 31.5 32.1
Mouse #3 1 Crrl/Water 36.3 35.1 359 36.0
Mouse #1 2 Crri/Water 29.4 31.8 31.6 337
Mouse #2 2 Cul/Water 29.0 36.1 35.8 38.7
. Mouse #3 2 Cul/Water 35.4 31.0 31.0 33.4
Mouse #1 3 Cul/Water 31.4 32.0 33.1 335
Mouse #1 4 Crrl/Water 33.4 347 35.4 374
Mouse #1 5 Cwl/Water 25.8 27.8 28.9 30.2
Mouse #2 5 Curl/Water 26.2 26.7 27.6 278
Mouse #3 5 Crrl/Water 28.7 29.1 29.6 30.7
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Cage # Treatment Mass at Miass at Mass at Mass at

Week 6 Week 7 Week § Week 9
Mouse #4 5 Cul/Water 33.0 336 34.8 37.5
Mouse #1 6 Crl/Water 33.5 35,5 388 40.5
Mouse #1 7 Crl/Water 26.0 26.2 27.4 27.8
Mouse #1 8 CrlfWater 36.5 38.5 41.3 42.6
Mouse #1 1 Col/8% 29.0 28.7 20.1 30.4
Mounse #1 2 Cul/8% 28.9 29.5 294 30.2
Mouse #2 2 Ciri/8% 30.4 315 122 330
Mouse #3 2 Cul/8% 32,6 32.4 33.2 34.0
Mouse #4 2 Curli8% 27.5 28.1 28.2 29.2
Mouse #1 3 Curl/8% 27.4 28.7 28.4 29.8
Mouse #2 | 3 Crri/8% 298 | 310 | 310 315
Wouse #3 3 Coli8% 29.2 30.1 30.9 317
Mouse #4 3 Cirl/8% 27.6 29.0 30.1 31.0
Mouse #1 4 Curli8% 28.7 29.9 29.9 33.4
Mouse #2 | 4 Crri/g% 317 318 1319 32.0
Mouse #3 4 Culig% 24.8 25.8 253 27.2
Mouse #1 5 Culf8% 26.5 26.6 277.6 27.4
Mouse #2 5 Cuif8% 27.8 27.5 29.4 29.5
Mouse #1 6 Crrl/8% 33.9 34,7 357 37.1
Mouse #1 7 Cul/8% 383 356 42.5 42.9
Mouse #1 8 Culi8% 26.5 26.9 28.1 30.6
Mouse #1 1 Crrli20% 36.5 38.2 380 39,5
Mouse #1 2 Curlf20% 2.9 32.1 334 34,3
Mouse #2 2 Crrl/20% 31.0 30.5 30.7 30.3
Mouse #3 2 Crrl/20% 30.4 30.0 31.8 32.5
Mouse #4 2 Crrli20% 28.1 26.6 29.4 29.8

Mouse #1 3 Curl/20% Found dead Tuesday July 62, 2002
Mouse #1 4 Coli20% 34.0 154 357 36.8
Mouse #1 5 Culi20% 28.4 289 30.9 31.8
Mouse #1 6 Crrl/20% 26.5 27.0 278 28.5
Mouse #2 6 Crrl/20% 29.1 293 30.5 311
Mouse #3 6 Crrl/20% 28.3 29.2 31.3 31.6
Mouse #1 7 Crrl/20% 30.2 30.2 313 31.0
Mouse #2 7 Crrl/20% 31.8 32.6 347 35.6
Mouse #3 7 Cul/20% 30.0 30.0 31.6 344
Wiouse #4 7 Culi20% 25.7 25.8 27.3 28.5
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Appendix 2.2: Sacrifce details (liver weight, body weight) for Group 1 (tissue used in assays, ALT
and AST) and Group Z (serum used for serum TG measurement)

Sacrifice Details for Group 1 Mice

New Cage # | Treatment Weight Weight Body
no. at Week of liver weight
10 [g] g]
1 Mouse #1 1 Ctri/Water 40.4 22 41
2 Mouse #2 1 Crrl/Water 30.7 1.4 32
3 Mouse #3 1 Ctrl/Water 342 1.8 36
4 Mouse #1 2 Cul/Water 33.7 1.8 30
5 Mouse #2 2 CulfWater IR0 1.8 34.4
6 Mouse #3 2 Ctrl/Water 33,7 1.4 27.4
7 Mouse #1 3 Cirl/Water 138 2.0 340
8 Mouse #1 4 Ctrl/Water 123 2.0 37.0
9 Mouse #]1 1 Crl/8% 30.5 14 30.6
10 Mouse #1 2 Ctrl/8% 203 1.4 28.8
11 Mouse #2 2 Ctrl/8% 322 1.6 31.8
12 Mouse #3 2 Cul/8% 132 1.6 32.6
13 Mouse #4 2 Crrl/8% 27.8 1.4 274
14 Mouse #1 3 Ctrl/8% 287 1.4 280
|l Mouse #2 3 Ctri/8% 30.9 1.0* 28.0
*Fatty?
16 Mouse #3 3 Crl/8% 31.3 1.6 30.6
17 Mouse #4 3 Ciri/8% 30.1 12 79.4
18 Mouse #1 1 Ctrl/20% 393 2.0 319.0
19 Mouse #1 2 Ctrl/20% 33.8 1.6 316
20 Mouse #2 2 Ctr20% 987 14 78.6
21 Mouse #3 2 Curl/20% 31.8 1.4 31.0
22 Mouse #4 2 Crl20% 77.4 1.4 27.0
23 Mouse #1 4 Ctri/20% 268 20 279
24 Mouse #1 5 Crli20% 316 70 132
25 Mouse # 1 2 MCD/water 16.9 0.8 16.6
26 Mouse #2 2 MCD/water 18.5 0.6 17.8
27 Mouse #1 3 MCD/water 16.0 0.6 15.6
28 Mouse #2 3 MCD/water 20.4 0.8 19.8
29 Mouse #1 4 MCD/water 18.9 0.8 20.0
30 Mouse #2 4 MCD/water 14.3 Found eaten
31 Mouse #] 1 MCD/8% 18.7 1.0 18.0
32 Mouse #2 1 MCD/8% 16.6 0.8 16.2
33 Mouse #3 1 MCD/8% 16.9 1.0 16.6
34 Mouse #1 2 MCD/8% 15.6 0.8 15.2
35 Mouse #1 3 MCD/8% 17.9 0.8 16.8
36 WMouse #3 3 MCD/8% 18.3 0.8 17.4
37 Mouse #4 3 MCD/8% 17.9 0.8 17.2
38 Mouse #1 1 MCD/20% 18.9 1.0 18.6
39 Mouse #1 2 MCD/20% 17.5 1.0 17.4
40 Mouse #1 3 MCD/20% 16.0 0.8 15.6
41 Mouse #1 4 MCD/20% 16.6 1.0 17.2
42 Mouse #2 4 MCD/20% 17.6 0.8 17.8
43 Mouse #1 5 MCD/20% 16.7 0.8 16.2
44 Mouse #2 5 MCD/20% 17.9 1.0 17.4
45 Mouse #3 5 MCD/20% 18.1 0.8 17.6
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Appendix 2.3.1: ALT and AST levels in the LTS, given in U/L

Mouse# [Treatment AST ALT AST/ALT
1|Clrlfwater 18 37 0.49
2|Ctri/water 38 40 0.95
3|Cirlfwater 37 28 1.32
4\ Cirl/water 98 38 2.58
5|Ctrifwater 20 33 0.61
6|Ctrl/water 31 27 1.15
7|Ctri/water 42 88 0.48
8|Ctrl/water 26 13 2.00
9iCtrl/18% 28 14 2.00

10/Ctrl/8% 36 12 3.00
111Ctrl/8% 33 22 1.50
12/Ctrl/8% 18 16 1.13
13/Ctrl/8% 34 20 1.70
14/Ctrl/8% 30 20 1.50
15/Ctri/8% 791 238 3.32
18/Ctri/8% 51 37 1.38
171Ctrif20% 56 13 4.3
18/ Ctrl/20% 26 29 0.80
191Ctri/20% 24 16 1.50
20|Ctrif20% N/a Nfa Nia

21 Ctrlf20% 42 37 1.14
22|CHi120% 18 42 0.43
231CH20% 17 14 1.21
24|Ctri/20% 11 15 0.73
25|MCD/water 121 196 0.62
26|MCD/water 190 97 1.96
27 IMCD/water 170 46 3.70
28 MCD/water 114 48 2.38
29/MCD/water 79 69 1.14
31MCD/8% 71 44 1.61
32MCD/8% 68 61 1.11
33MCD/8% 96 68 1.41
34 MCD/8% 164 117 1.40
35MCD/8% 296 304 0.97
36/ MCD/B% 170 199 0.85
37 MCD/8% 200 290 0.69
38MCD/20% 332 298 1.141
39IMCD/20% 235 265 0.89
40 MCD/20% 180 132 1.36
41I1MCD/20% 150 154 0.97
42\MCD/20% 165 94 1.76
43IMCD/20% 182 180 0.96
44 MCD/20% 30 88 0.34
A5IMCD/20% 307 268 1.15
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Appendix 2.3.2: Mean, Standard deviation (SD) for ALT, AST, AST/ALT

MEAN |SD
ALT CTRL 38, 2054
CTRL 8% 19.25 7.53
CTRL 20% 255, 11.18
MCD 91.2] 5553
MCD 8% 154.71, 101.79
MCD 20% | 186.13] 77.08
AST CTRL 40, 22,92
CTRL 8% 128 180.48
CTRL 20% 38.83] 38.01
MCD 124.8) 47.76
MCD 8% 165.67] 73.69
MCD 20% | 178.43] 78.16
RATIO (CTRL 1.64 0.85
CTRL 8% 1.62 0.69
CTRL 20% 1.01 0.50
MCD 1.96 1.06
MCD 8% 115 0.31
MCD 20% 1.07 0.38
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Appendix 2.4 (b): Liver Pathology in the Long Term Study, MCD samples

Mouse # | Treatment Fat {score} | Fat Inflammatory | No. foci | D/PAS MNo. macs | Fibrosis | Fibrosis
{distribution) foci score Macrophages (Score) {distribution)
(score)

25 | MCD/water 3 Zitoz3 3 55 3 110 1 PC

26 | MCD/water 3 Zitoz2 3 35 3 51 0

27 | MCD/water 3 Z11t0 z2 3 30 3 57 0

28 | MCD/water 3 Zitoz3 3 65 3 175 1 PC

29 | MCD/water 24 22 Query 2 3 42 14 PC

30 | MCD/8% 3 Zltoz3

31 | MCDI8% 3 Z1t0 23 3 33 3 42 0

32 1 MCDI8% 3 210 z2 3 33 3 71 1 PC

33 | MCD/8% 3 Z1to z2 3 33 3 61 i PC

34 | MCD/8% 3 Z1t0 23 3 23 3 45 0

35 | MCD/8% 3!, query2 22 3 40 3 84 1 PC

36 | MCD/8% 3 Z1toz2 3 48 3 110 1 PC

37 | MCDI8% 3 Zitoz2 3 58 3 100 1 PC

38 | MCD/20% 3 Query z1t0 23 3 44 3 132 0

38 | MCD/20% 3 Zitoz2 3 59 3 93 1 PC

40 | MCD/20% 3 Zitoz3 3 29 3 35 1

41 | MCD/20% 3 Z1to 22 3 28 3 104 1 PC

42 | MCD/20% 3 Z1tp 22 3 48 3 146 1 PC

43 | MCD/20% 3 Z1toz2 3 37 3 84 1 PC

44 | MCD/20% 3 Zitoz2 3 45 3 65 14 PC

45 | MCD/20% 3 Zitoz2 3 55 3 127 1 PC

Macs: Macrophages. D/PAS numbers and scores are based on counts of enlarged macrophages. PC: Penicellular; Z: Zones.
All assessments conducted on 20 high power fields (40x objective)
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Appendix 2.5: Raw data for hydroxyproline (Hyp) showing mean, 8D

Mouse # |Treatment Hyp from curve  Hyp in sample Total Protein |Hyp per mg
[ug] [ug] [mg] protein
1|Ctriiwater 1.94 16.20 10.18 1.59
2|Ctrilwater 1.59 13.24 8.92 1.49
3|Ctrifwater 3.05 25.38 7.25 3.50
4|Ctrliwater Nia
5 Clrifwater Nia
6|Ctri/water 3.44 28.65 10.87 2.64
7|Ctrliiwater 2.65 2210 9.81 2.25
8|Ctri/water 2.14 17.83 8.19 2.18
9|CHI8% 3.20 26.63 12.31 2.18
10|Ctrli8% 4.03 33.57 12.95 2.59
11|Ctrl/8% 4.46 37.18 11.24 3.31
12|Ctrl/8% 3.28 27.34 9.60 2.85
131Cri/8% 2.65 22.10 12.63 1.75
14Cirl/8% 3.16 26.36 8.24 3.20
15,CHrl/8% N/a 8.918
16|Ctrl/8% 2.89 24,06 10.08 2.39
171CH1/18% 3.01 25.05 11.14 2.25
181 Cirl/20% N/a 9.18
19|Cl1/20% 3.16 26.36 11.03 2.39
20 Cirl/20% 4.42 36.85 11.67 3.16
21 Cirl/20% Nia 10.552
22/Cirli20% 3.87 32.26 10.02 3.22
23|1Ctrl/20% 3.24 27.02 12.69 2.13
24 Ctri/20% 3.40 28.33 10.82 2.62
25! MCD/water 3.56 29.64 9.50 3.12
26/ MCD/water 3.7 30.95 11.30 2.74
27| MCD/water 3.99 33.24 10.34 3.22
28 MCD/water 5.08 42.10 9.39 4.48
29/MCD/water 3.58 29.64 11.99 2.47
31IMCD/8% 3.67 30.82 11.48 2.67
32|MCD/8% 3.44 28.65 11.88 2.41
33 MCD/8% 2,57 21.44 8.80 2.49
34 MCD/8% 2.77 23.08 9.02 2.56
35 MCD/8% 3.32 27.67 10.08 2.75
36 MCD/8% 4.26 35.54 11.56 3.07
37/MCD/8% 4.11 34.23 10.65 3.24
38 MCD/20% 3.87 32.26 12.26 2.63
38IMCD/20% 2.69 22.43 13,71 1.64
40/MCD/20% 2.57 21.44 11.78 1.82
411MCD/20% 3.48 28.98 9.97 2.91
42\MCD/20% 2.85 22.10 13.55 1.63
43 MCD/20% 2.28 18.82 13.01 1.45
44 MCD/20% 4.38 36.52 10.98 3.33
45 MCD/20% 3.24 27.02 9.34 2.89
MEAN SD
CTRLUWATER 2.27 0.68
CTRL/8% 2.52 0.52
CTRL/20% 2.70 0.43
MCD/WATER 3.21 0.69
MCD/8% 2.74 0.29
MCD/20% 2.29 0.68
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Appendix 2.6: Raw data for hepatie triglycerides (TG) showing mean, SD

Mouse# Treatment TG from TG perm!i  |Total TG [ug] Total protein TG [ug] per mg
curve [ug] fug] [mg] protein
1|Ctrifwater 7.37 0.74 1474.76 10.18 144.85
2|Ctrliiwater 3.25 0.32 649.12 8.92 7279
3|Ctriiwater 3.70 0.37 740.86 7.25 102.20
4/ Ctri/water  |N/a N/a N/a N/a N/a
5|Ctrijwater 3.09 0.31 618.54 9,29 66.62
6| Ctrifwater  |N/a N/a N/a N/a N/a
7| Ctrifwater 4.32 0.43 863.18 9.81 87.97
8|Ctrifwater 248 0.25 496.22 8.19 60.62
9|Ctri/8% 12.60 1.26 2520.40 12.31 204.74
10|Ctri/i8% 15.12 1.51 3024.80 12.95 233.50
111Ctl/8% 14.22 1.42 284460 11.24 253.03
121Ctrli8% 477 0.48 953.40 9.60 99.30
13|Ctrl/8% 8.23 0.82 1646.20 12.63 130.33
14|Ct1/8% 29.33 2.93 5865.80 8.24 712.04
15/Ctrl/i8% 8.08 0.81 1615.80 8.92 181.18
16/ Ctrli8% 11.07 1.11 2213.00 10.08 219.63
17\1Ctl8% 6.34 0.63 1268.20 11.14 113.88
18|Ctrl/20% 7.60 0.76 1520.20 9.18 165.60
19|Ctri20% 9.65 0.96 1929.60 11.03 174.96
201CHl20% 6.66 0.67 1331.20 11.67 114.09
211CHi120% 6.34 0.63 1268.20 10.55 120.19
22|Ctrif20% 6.97 0.70 1394.20 10.02 139.10
23|Ctrif20% 7.76 0.78 1551.60 12.69 122.32
24|Cti/20% 12.64 1.26 2527.80 10.82 233.69
25 MCD/water 16.89 1.69 3378.20 9.50 355,75
26| MCD/water 11.85 1.19 2370.40 11.30 209.84
27 MCD/water 27.91 2.79 5582.40 10.34 539.88
28 MCD/water 8.86 0.89 1772.20 9.39 188.71
28|MCD/water 40.04 4.00 8007.20 11.99 667.88
31IMCD/8% 21.14 2.11 4228.40 11.46 369.13
32|MCD/8% 39.88 3.99 7975.80 11.88 671.25
33|MCD/8% 20.67 2.07 4133.80 8.60 480.45
34IMCD/8% 7.44 0.74 1488.60 9.02 164.98
35|MCD/8% 12.48 1.25 2496.40 10.08 247.76
36|MCD/8% 13.74 1.37 2748.40 11.56 237.71
37|MCD/8% 35.31 3.53 7062.60 10.55 669.31
38|MCD/20% 22.40 2.24 4480.20 12.28 365.55
38 MCD/20% 17.05 1.70 3409.60 13.71 248.73
40IMCD/20% 26.02 2.60 5204.60 11.78 442.00
41IMCD/20% 2555 2.56 5110.00 9.97 512.54
42IMCD/20% 14.37 1.44 2874.20 13.55 212.18
43|MCD/20% 35.04 3.59 7188.40 13.01 552.61
44|MCD/20% 38.78 3.88 7755.20 10.98 706.56
45|MCD/20% 23.19 2.32 4837.80 9.34 496.66
MEAN SD
CTRL/AWATER 89.18 28.47
CTRL/8% 238.83 175.08
CTRL/20% 152.85 39.42
CTRL/8%-15 245.81 184.44
MCD/WATER 392.41 186.44
MCD/8% 405.80 192.00
MCDI20% 442 10 152.56
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Appendix 2.9: Raw data, mean and SD for Conjugated dienes (CD)

Mouse # Treatment 0D 234 \CD [nMol] Total protein | CD per mg protein
[mg]
1| Ctrifwater 0.141 119.49 10.18 11.74
2|Ctri/water 0.132 111.86 8.92 12.54
3\ Ctrl/water 0.105 88.98 7.25 12.28
4\ Ctritwater 0.137 116.10 8.71 13.33
5|Ctrifwater 0.142 120.34 9.29 12.96
6|Ctri/water 0.127 107.63 10.87 9.90
7| Ctrifwater 0.169 143.22 9.81 14.60
8| Ctri/water 0.121 102.54 8.19 12.53
91Cirl18% 0.287 243.22 12.31 19.76
10| Ctri/8% 0.175 148.31 12.95 11.45
111Ctrl/18% 0.17 144.07 11.24 12.82
12|Ctri/8% 0.137 116.10 9.60 12.09
13|Ctrii8 % 0.0845 160.17 12.63 12.68
14|Ctrif8% 0.081 154.24 8.24 18.72
15/ Ctrl/8% 0.294 249.15 8.92 27.94
16|Ctri/8% 0.182 154 24 10.08 15.31
171 Ctrl/8% 0.183 155.08 11.14 13.93
18|Ctrl/20% 0.186 157.63 9.18 1717
19(Ctrl/20% 0.177 150.00 11.03 13.60
20/Ctl/20% 0.187 158.47 11.67 13.58
211Ctri/20% 0.15 127.12 10.55 12.05
221Ctrl/20% 0.178 150.85 10.02 15.05
23|Crif20% 0.207 175.42 12.69 13.83
24|Ctrl/20% 0.161 136.44 10.82 12.61
25 MCD/water 0.307 260.17 9.50 27.40
26 MCD/water 0.33 279.66 11.30 24.76
27 MCD/water 0.23 194.92 10.34 18.85
28|MCD/water 0.257 217.80 9.39 23.19
29|MCD/water 0.295 250.00 11.99 20.85
31IMCD/8% 0.198 167.80 11.46 14.65
321MCD/8% 0.324 27458 11.88 23.11
33IMCD/8% 0,292 247.46 8.60 28.76
34MCD/8% 0.264 22373 9.02 24.80
35|MCD/8% 0.532 450.85 10.08 44.74
36|MCD/I8% 0.612 518.64 11.56 44.86
37\ MCD/8% 0.479 405.93 10.55 38.47
38\MCD/20% 0.277 234.75 12.26 19.15
39IMCDI20% 0.214 181.36 13.71 13.23
40IMCD/20% 0.288 244 07 11.78 20.73
41/MCD/20% 0.224 189.83 9.97 19.04
42\ MCD/20% 0.252 213.58 13.55 15.77
43 MCD/20% 0.356 301.69 13.01 23.19
441MCD/20% 0.251 212.71 10.98 19.38
45IMCD/20% 0.279 236.44 9.34 25.32
MEAN SD

CTRL/WATER 12.48 1.26

CTRL /8% 16.08 5.01

CTRLIZ0% 13.98 1.57

CTRL/8%-15 14.59 2.91

MCD/WATER 23.01 2.98

MCD/8% 31.34 10.75

MCD/20% 19.48 3.58
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Appendix 2.10: Raw data, mean and SD for lipid hydroperxides (LOOH)

Mouse # |Treatment |LOOCH from curve |LOOH in sample Total protein LOOH per mg
[nMol] [nMol] [mg] protein
1|Clri/water 0.125 3.13 10.18 0.31
2{Curifwater 0.100 2.50 8.92 0.28
3iClri/water 0.033 0.83 7.25 0.11
4|Clri/water Nia N/a N/a N/a
5{Ctrliwater 0.587 14.68 9.29 1.58
8 |Ctrli/water 0.209 5.23 10.87 0.48
7| Ctrl/water 0.017 0.43 9.81 0.04
8|Ctri/water 0.184 4.60 8.19 0.56
91Ctri/8% 2.446 61.15 12.31 4.97
10|Ctri/8% 0.293 7.33 12.95 0.57
111Ctrifi8% 0.251 6.28 11.24 0.56
121Ctri/8% 0.301 7.53 9.60 0.78
131Ctrl/8% 0.167 8.35 12.63 0.66
14|Ctrl/8% 8.24
15|Cirli8% 1.091 27.28 8.92 3.08
16|Cirl/8% 0.249 6.23 10.08 0.62
17|CUri/8% 0.785 19.63 11.14 1.76
18|Curl/20% 9.18
19/ Ctrii20% 0.203 5.08 11.03 0.46
20|Ctri/20% 0.092 2.30 11.67 0.20
21| Ctri/20% 0 0.00 10.55 0.00
221C1120% 0.166 4.15 10.02 0.41
23|Ctri120% 0.092 2.30 12.69 0.18
24 Ctri/i20% 0.101 2.53 10.82 0.23
25|MCD/water 0.553 13.83 9.50 1.46
26/ MCD/water 0.049 1.23 11.30 0.1
27| MCD/waler 0.041 1.03 10.34 0.10
28| MCD/water 1.186 29.65 9.39 3,16
29 MCD/water 0.09 2.25 11.99 0.19
31{MCD/8% 0.132 3.30 11.46 0.29
32 MCD/8% 0.305 7.63 11.88 0.64
33|MCD/8% 0.222 5,55 8.60 0.65
34|MCD/8% 0.379 9.48 9.02 1.05
35|MCD/8% 0.802 20.05 10.08 1.99
36IMCD/8% 0.844 21.10 11.56 1.82
37IMCD/8% 0.661 16.53 10.55 1.57
38IMCD/20% 1.058 26.45 12.26 2.16
39|MCD/20% 0.505 12.63 13.71 0.82
40[MCD/20% 0.956 23.90 11.78 2.03
41|MCD/20% 0.82 20.50 9.97 2.06
42/MCD/20% 1.591 39.78 13.55 2.94
43IMCD/20% 0.633 15.83 13.01 1.22
441MCD/20% 0.489 12.23 10.98 1.1
45|MCD/20% 0.913 22.83 9.34 2.44
MEAN sD
CTRL/WATER 0.48 0.48 no 4
CTRL/8% 0.82 0.43 outliers 9, 15; no
14
CTRL/20% 0.30 0.12 outlier 21
MCD/WATER 1.00 1.13
MCD/8% 1.14 0.81
MCD/20% 1.86 0.66
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Appendix 2.11{a): Raw data for free thiobarbiturie acid reactive substances ([TBARS)

Mouse # Treatment |OD 540 [fTBARS [nMol] [Total protein Img] |fTBARS per mg
protein

1iCtritwater 0.032 63.12 10.18 6.20

2| Ctritwater 0.02¢ 57.20 8.92 6.41

3| Ctrifwater 0.035 65.04 7.25 9.52

4| Ctrifwater 0.048 94.68 8.71 10.87

5|Ctrifwater 0.056 110.46 9.29 11.80

5 Ctriiwater 0.054 106.51 10.87 9.80

TiCtritwater 0.05 898.62 8.81 10.05

8{Ctrliiwater 0.035 69.04 8.19 8.43

91C8% 0.048 594.68 12.31 7.69
10{CH8% 0.061 120.32 12.95 9.29,
111CH1I8% 0.049 96.65 11.24 8.60
12/ CHi8% 0.048 94.68 9.60 9.86
13, Cirlig% 0.003 11.83 12.63 0.94
14| Ctril8% 0.001 3.94 8.24 0.48
15/ Cril8% 0.02 39.45 8.92 442
161Ctril8% 0.009 17.75 10.08 1.76
171Ct18% 0.008 11.83 11.14 1.08
18|Ciri/20% 0.008 16.78 9.18 1.72
19/Ctrl/20% 0.006 11.83 11.03 1.07
20\Ctrli20% 0.009 17.75 11.67 1.52
21Cul20% 0.007 13.81 10.55 1.31
22\Ctrli20% 0.005 9.86 10.02 0.98
231Ctrli20% 0.005 9.86 12.68 0.78
24{Ctri/20% 0.002 3.94 10.82 (.36
25|MCD/water 0.022 43.39 9.50 4.57
26|MCD/water 0.024 47.34 11.30 4.18
27IMCD/water 0.019 37.48 10.34 3.62
28 MCD/water 0.032 63.12 9.39 6.72
28 MCD/water 0.017 33.53 11.689 2.80
31 MCD/8% 0.014 27.61 11.46 2.41
32IMCD/8% 0.022 43.39 11.88 3.65
33MCD/8% 0.022 43.38 8.60 5.04
34 MCD/8% 0.027 53.26 9.02 5.90
35MCD/B% 0.024 47.34 10.08 4,70
38IMCD/I8% 0.024 47.34 11.56 4.08
37 MCD/8% 0.03 5817 10.55 5.61
38IMCD20% 0.139 27417 12.28 22.37
391MCD/20% 0.208 410.28 13.71 29.93
401MCD/20% 0.095 187.38 11.78 15.91
41 MCDI20% 0.196 386.61 8.67 38.78
42IMCDR20% 0.102 20118 13.55 14.85
431MCD/20% 0.143 282.06 13.01 21.68
44 MCD/20% 0.13 25642 10.98 23.36
45{MCD/20% 0.102 201.18 9.34 21.55
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Appendix 2.11(b): Mean and 8D for {TBARS

MEAN 8D
CTRL/WATER 9.15 1.89
CTRL/8% 4.80 3.73
CTRL/20% 1.1 0.42
CTRL/8%-15 4.96 3.85
MCD/WATER 4.38 1.31
MCD/8% 4.49 1.12
MCD/20% 23.55 7.2
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Appendix 2.12{a): Raw data {or tofal thisbarbituric acid reactive substances ({TBARS)

Mouse # |Treatment |OD 540 |{TBARS [nMol] |Total Protein {TBARS permg
Img] protein
1|Cirliwater 0.108 208.08 10.18 20.54
2|Ctrilwater 0.094 185.41 8.92 20.79
3| Clrlfwater 0.092 181.47 7.25 25.03
4|Ctrifwater 0.08 157.80 8.71 18.12
5| Ctrliwater 0.144 284.04 9.29 30.59
6| Clri/water 0.087 132.16 10.87 12.18
7|Ctrliwater 0.047 92.71 9.81 9.45
8|Ctri/water 0.045 88.76 8.19 10.84
9|Crl/8% 0.139 27417 12.31 22.27
10|Ctrl/8% 0.113 222.88 12.85 17.21
111 Ctrl/8% 0.137 270.23 11.24 24.04
12{Citri/8% 0.117 230.78 9.60 24.04
13|Ctrl/8% 0.022 86.79 12.63 6.87
14|CHli8% 0.033 130.18 8.24 15.80
15/Ctrl/8% 0.995 1962.61 8.92 220.07
16| Cirl/8% 0.221 435.92 10.08 43.26
17|Ctrl/8% 0.065 128.21 11.14 11.51
18/Ctr1/20% 0.169 333.35 9.18 36.31
19/Ctri/20% 0.105 207 .11 11.03 18.78
201Ctr1/20% 0.189 392.52 11.67 33.64
21|Cr)/i20% 0.192 378.72 10.55 35.89
22|Ctrl/20% 0.049 96.65 10.02 9.64
23|Ctrl/20% 0.037 72.98 12.69 5.75
24|Ctrl/20% 0.028 55.23 10.82 5.11
25|MCD/water 1.248 2457.71 9.50 258.81
26| MCD/water 1.248 2461.65 11.30 217.92
27 MCD/water 1.119 2207.20 10.34 213.48
28/MCD/water 1.246 2457.71 9.39 261.71
29|MCD/water 0.753 1485.28 11.99 123.89
31MCD/8% 1.465 2889.68 11.46 252.26
32/MCD/8% 1.579 3114.54 11.88 262.12
33|MCD/8% 1.679 3311.79 8.60 384.91
34IMCD/8% 2.346 4627.43 9.02 512.85
35|MCD/8% 1.229 2424 17 10.08 240.59
36|MCD/8% 1.256 2477 .43 11.56 214.27
37|MCD/8% 1.11 2189.45 10.55 207.49
38IMCD/20% 1.133 2234.82 12.26 182.34
38IMCD/20% 1.107 2183.53 13.71 159.29
40/ MCD/20% 0.671 1323.53 11.78 112.40
41IMCD/20% 1.474 2907.43 9.97 291.62
42 MCD/20% 1.001 1974 .45 13.55 145.76
43IMCD/20% 1.01 1992.20 13.01 153.15
44IMCD/20% 0.984 1840.92 10.98 176.83
45MCD/20% 1.058 2086.88 9.34 223.48
MEAN SD

CTRLU/WATER 18.44 6.88

CTRL/8% 42.79 63.43

CTRL/20% 20.73 13.28

CTRL/B%-15 20.63 10.28

MCD/WATER 215.16 49.83

MCD/8% 296.36 103.90

MCD/20% 180.61 51.54
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Appendix 2.13: Raw data, mean and SD for CYP2E] activity, indicated by rate of generation of
p-Aminephenol (p-AF)

Mouse # |Treatment |nMols p-AP from |nMols p-AP [nMols p-AP  |Microsomal nMols p-AP/mg
curve per ul in 120 ul protein [mg] protein/min
1 Ctrifwater 0.375 0.008 0.800 5,141 0.003
2| Ctrlfwater 0.437 0.009 1.049 5.047 0.003
3| Ctrilwater 0.375 0.008 0.900 3484 0.004
4| Ctrifwater 0.437 0.009 1.049 2,857 0.0086
5 Clrliwater 0.395 0.008 0.848 4,439 0.004
6|Clrliwater 1.636 0.033 3.928 5.108 0.013
7\ Clri/water 0.620 0.012 1.488 §.208 0.004
8{Ctrilwater 0.820 0.012 1.488 5,364 0.005
9| Ctri/8% 0.312 0.008 0.749 6.016 0.002
101CH1B% 0.500 0.010 1.200 6.973 0.003
111Cil8% 0.312 0.006 0.749 3.580 0.003
121Ctrli8% 0.4886 0.010 1.190 3177 0.008
13|Cli8% 0.385 0.008 0.948 5.601 0.003
14|Cirli8% 0.780 0.016 1.886 5.252 0.006
181 Ctrl/8% 3.954 0.075 9.480 3.766 0.042
16/Ctrl/i8% 0.802 40.018 2.165 4.212 0.008
17 1Ctrli8% 0.564 0.011 1.354 5.276 0.004
18|Ctri/20% 0.500 0.010 1.200 6.651 0.003
18/Ctri/20% 0.375 0.008 0.900 6.877 0.002
201Ct120% 0.312 0.008 0.749 4.040 0.003
211CH1/20% 0.425 0.009 1.020 1.807 0.009
22|1CHl/20% 0.958 0.018 2.302 5.743 0.007
23|1Crl/20% 0.564 0.011 1.354 6.155 0.004
24\ Ctrli20% 0.508 0.010 1.218 6.993 0.003
25 MCD/water 1.437 0.028 3.449 1.843 0.031
26 MCD/water 0.375 0.008 0.9800 3.621 0.004
27 MCD/water 0.437 0.009 1.048 2433 0.007
28|MCD/water 0.922 0.018 2.213 2.621 0.014
291MCD/water 4.463 0.089 10.711 3.621 0.049
31IMCD/8% 15.732 0.315 37.757 3.338 0.189
321MCD/8% 0.500 0.010 1.200 2.107 0.009
33 MCD/IB% 0.250 0.005 0.600 3.390 0.003
34 MCD/8% 1.874 0.037 4.498 2.564 0.025
35/MCD/8% 1.0684 0.021 2.554 2.371 0.018
36IMCD/8% 6.900 0.138 16.560 3.150 0.088
37IMCD/8% 5.538 0.111 13.204 3.263 0.068
381MCD/20% 0.375 0.008 0.800 3.857 0.004
391 MCD/20% 0.375 0.008 0.900 8.129 0.002
401MCD/20%
411MCD/20% 1.064 0.021 2.554 2.697 0.016
42 1MCD/20% 4973 0.089 11.935 2477 0.080
43 MCD/20% 9.400 0.188 22.560 311 0.121
44 MCD/20% 5.189 0.104 12.478 2477 0.084
45/ MCD/20% 5.823 0.116 13.975 2.235 0.104
MEAN SD
CTRL 0.005 0.003
CTRL/B% 0.004 0.0011{excl no. 15}
CTRL/20% 0.004 0.002
MCD 0.021 0.017
MCD/8% 0.058 0.061
MCD/20% 0.059 0.046
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Appendix 3
Raw Data: Short Term Study



Appendix 3.1: Raw data, mean and 8D of hepatic TG

Mouse # Treatment TG fromcurve TG per ul Total TG in |Trigs. per mg Total protein
sample sampie [ug] iprotein [ug/mg]  Img]
73{Ctrl 582 0.58 1163.04 71.82 16.20
74 |Ctrd 7.80 0.79 1580.86 94.24 16.78
75.Ctrl 7.42 0.74 1484.44 83.41 17.80
76{Ctrl 7.26 0.73 1452.30 83.32 17.43
7710t 3.89 0.38 777.37 54 .85 14.15
78/ Clrl 5.98 0.60 1195.18 42.14 28.37
85 Clri+4% 4.44 0.44 887.20 104.99 8.45
87 Ctri+4% 4.23 0.42 845.20 99.44 8.50
88 Ctrl+4% 3.24 0.32 648.60 86.48 7.50
891Ctr1+4% 5.46 0.55 1091.80 116.15 9.40
90|Ctrl+4% 3.76 0.38 751.00 90.48 8.30
98/Ctri+8% 4.68 0.47 938.07 111.74 8.40
99 Ctri+8% 5.49 0.55 1098.78 127.73 8.60
100 Ctri+8% 4.53 0.45 905.93 121.48 7.46
101 Crl+8% 2.44 0.24 488.11 58.51 8.34
102 Cirl+8% 4.85 0.48 970.21 85.35 11.37
109|MCD 11.12 1.11 2223.66 168.65 13.18
110{MCD 11.60 1.18 2320.08 186.54 12.44
111IMCD 15.78 1.58 3155.71 174 40 18.10
112{MCD 7.28 0.73 1452.30 185.36 7.84
1131MCD 10.15 1.02 2030.82 147.86 13.74
114/MCD 12.56 1.26 2512.92 169.25 14.85
121/ MCD+4% 25.23 2.52 5045.80 731.28 5.90
122 MCD+4% 12.11 1.21 2421.20 410.37 5.80
123 MCD+4% 6.82 (.68 1384 .40 209.91 8.50
124 MCD+4% 19.95 1.99 3989.20 664.87 8.00
125 MCD+4% 23.01 2.30 4602.60 626,20 7.35
126 MCD+4% 24.55 2.45 480940 727.32 8.75
133|MCD+8% 9.18 0.92 1837.98 292.91 6.28
134|MCD+8% 17.22 1.72 3444.97 558.12 6.17
135|MCD+8% 11.28 1.13 2255.80 340.37 6.63
136|MCD+8% 5.94 0.69 1388.02 238.70 5.82
137IMCD+8% 8.23 0.82 1645.14 248.04 6.63
138 MCD+8% 12.24 1.22 2448 64 410.33 597
MEAN 8D

Cirl 71.64 17.96

Cirl+4% 99.51 10.57

Ctri+8% 100.96 25.69

MCD 172.01 12.89

MCD+4% 561.66 190.46

MCD+8% 348.08 110.35
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Appendix 3.2: Raw data, mean and SD of CD

Mouse # |Treatment |OD 234 |CD [nMol] |CD per mg protein |Total protein [mg]
731Ctrl 0.118 100.00 6.17 16.20
741Ctrl 0.117 98.15 5.91 16.78
75|Ctr! 0.167 141.53 7.95 17.80
76|Ctrl 0.279 236.44 13.57 17.43
77|Ctrl 0.146 123.73 8.75 14.15
78|Ctrl 0.133 112.77 3.87 28.37
85 Ciri+4% 0.089 83.90 9.83 8.45
87,Ctrl+4% 0.094 79.66 9.37 8.50
88|Ctrl+4% 0.1 84.75 11.30 7.50
89 Ctrl+4% 0.118 100.00 10.64 9.40
90|Clrl+4% 0.115 97.46 11.74 8.30
98|Ctrl+8% 0.139 117.80 14.03 8.40
99|Ctrl+8% 0.113 95,76 11.13 8.60

100|Ctrl+8% 0.133 112.71 15.11 7.46
101\ Ctrl+8% 0.133 112.71 13.51 8.34
102|Ctri+8% 0.164 138.88 12.23 11.37
109 MCD 0.143 121.19 9.19 13.19
110/ MCD 0.255 216.10 17.38 12.44
111/MCD 0.226 191.53 10.58 18.10
1121MCD 0.157 133.05 16.98 7.84
113IMCD 0.162 137.28 10.00 13.74
114|MCD 0.151 127.97 8.62 14.85
121/MCD+4% 0.156 132.20 19.16 6.90
122\ MCD+4% 0.127 107.63 18.24 5.80
123/ MCD+4% 0.19 161.02 24.77 6.50
124 MCD+4% 0.159 134.75 22.46 6.00
125 MCD+4% 0.205 173.73 23.64 7.35
126 MCD+4% 0.174 147.46 21.85 6.75
133|MCD+8% 0.223 188.98 30.12 6.28
134IMCD+8% 0.338 286.44 46.41 6.17
135|MCD+8% 0.229 194.07 25.28 6.683
136|MCD+8% 0.218 184.75 31.77 582
137|MCD+8% 0.186 157.63 23.77 6.63
138|MCD+8% 0.178 150.85 25.28 5.97
MEAN sD

Cirl 7.72 3.03

Cirl + 4% 10.60 0.87

Ctrl+8% 13.20 1.39

MCD 12.12 3.83

MCD + 4% 21.69 2.32

MCD+8% 31.10 7.38
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Appendix 3.4: Raw data, mean and 8D for tTBARS

Mouse # |Treatment |OD 540 |tTBARS [nMol] |{TBARS per |Total protein
mg protein [mg]
73|Ctrl 0.027 53.26 3.29 16.20
74|Ctrl 0.041 80.87 4.82 16.78
75)Ctri 0.033 65.09 3.66 17.80
76Ctrl 0.041 80.87 4.64 17.43
77,Ct 0.052 102.57 7.25 14.15
78,Ctrl 0.112 22092 7.79 28.37
85|Ctrl+4% 0.08 118.35 14.01 8.45
87|Ctri+4% 0.049 96.65 11.37 8.50
88|Ctrl+4% 0.08 98.62 13.18 7.50
89|Ctri+4% 0.053 104.54 11.12 9.40
S0|Ctrl+4% 0.041 80.87 9.74 8.30
98I Ctri+8% 0.074 145.96 17.39 8.40
99|Ctrl+8% 0.069 136.10 15.82 8.60
100|Cirl+8% 0.071 140.05 18.78 7.46
101|Cir+8% 0.07 138.07 16.55 8.34
102\ Ctri+8% 0.068 134.13 11.80 11.37
109 MCD 0.338 666.70 50.56 13.19
110 MCD 0.703 1386.65 111.48 12.44
111 MCD 1.085 2140.14 118.27 18.10
112\MCD 0.286 564.13 72.00 7.84
113 \MCD 0.553 1090.78 79.42 13.74
114MCD 0.448 883.67 58.52 14.85
121 MCD+4% 0.558 1100.64 159.51 6.90
122 MCD+4% 0.22 433.94 73.55 5.90
123 MCD+4% 0.198 380.55 60.08 6.50
124 MCD+4% 0.606 1185.32 199.22 6.00
125/ MCD+4% 0.887 1749.59 238.04 7.35
126|MCD+4% 1.0845 2138.15 316.91 6.75
133|MCD+8% 0.709 1388.49 222.87 6.28
134 MCD+8% 0.98 1933.03 313.17 6.17
135 MCD+8% 0.952 1877.80 283.33 6.63
136|MCD+8% 0.297 585.83 100.74 5.82
137|MCD+8% 0.274 540.46 81.49 6.63
138|MCD+8% 0.421 830.41 139.16 597
MEAN SD

Ctrl 5.24 1.70

Ctrl + 4% 11.88 1.52

Citri+8% 16.07 2.35

MCD 81.88 25.12

MCD + 4% 17455 898.85

MCD+8% 190.13 88.78

208









Appendix 4.2: ALT levels, mean (U/L) and 8D for TNFS

Mouse # Treatment ALT
1ICTRL/KO 38
2ICTRL/KO 24
25|CTRL/KO 42
28|CTRI/KO 34

41 CTRLU/KO 14

6 CTRL/KO 17

7IMCD/KO 177

8IMCD/KO 75
10MCD/KO 145
11 MCD/KO 60
131 CTRL/WT 6
14 CTRL/WT 9
15/ CTRL/WT 12
16/ CTRL/WT 17
17ICTRLWT 16
18/CTRL/WT 15
19 MCD/WT 118
20/MCD/WT 140
21IMCD/WT 110
22IMCD/WT 252
23IMCD/WT 368
24 MCDMWT 446

MEAN sD

CTRL/WT 12.5 3.85

CTRL/KC 28.17) 10.53

MCD/WT 239| 129.58

MCD/KO 114.25| 48.3%
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Appendix 4.4: Raw data, mean and SD for Hyp measurements

Mouse # |Treatment Hyp from curve Hyp in sample Total protein [mg] Hyp per mg protein
[ug] [ug]
1CTRUKO : 0.82 16.38 11.52 1.42
2|CTRL/KO 1.10 21.94 18.22 1.20
25|CTRL/KO 0.65 13.04 10,05 1.30
26/CTRL/KO  |N/a N/a N/a N/a
4 CTRL/KO 0.99 19,72 1543 1.28
81 CTRL/KO 1.54 30.84 13.58 2.27
7IMCD/KO 1.76 35.29 8.68 4.08
8 MCD/KO 2.88 57.54 10.54 5.46
10| MCD/KO 2.54 50.87 14.24 3.57
11 MCD/KO 1.88 37.52 13.12 2,88
13ICTRLAWT 2.77 55,32 16.94 3.26
14|CTRL/WT 1.78 35.29 14.96 2.38
15|CTRLWT 3.04 60.88 15,53 3.92
181CTRL/WT 2.82 56.43 16.16 349
17{CTRUWT 321 64.22 15.58 4.12
18ICTRLWT 2.82 56.43 16.05 3.52
19 MCD/WT 3.04 60.88 12.82 4.75
20 MCDAWT 2.88 57.54 14.24 4.04
21IMCDAWT 2.82 56.43 16.21 3.48
22IMCDIWT 2.60 51.88 14.24 3.65
23 MCD/WT 2.48 49.75 15.95 3.12
24 MCDAWT 2.38 47.53 12.42 3.83
MEAN SD
CTRUKO 1.49 0.38
MCD/KO 3.99 0.95
CTRLMWT 345 0.56
MCD/WT 3.62 0.31
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Appendix 4.5: Raw data, mean and 5D for hepatic TG

Mouse # |Treatment TG from curve (TG in sample [Total protein [mg] TG per my
ugl ug] protein
1ICTRUKO 1.89 378.79 11.52 32.88
2ICTRUKO 0.75 150.48 18.22 8.26
25|CTRUKO 6.13 1226.80 10.05 122.10
26|CTRUKO N/a Nfa Nfa Nfa
4|/ CTRL/KO 3.04 607.10 15.43 39.36
6|CTRL/KO 0.92 183.10 13.58 13.48
7IMCD/KO 4.67 933.25 8.69 107.35
8IMCD/KO 6.46 1282.03 10.54 122.63
10MCD/KO 8.91 1781.26 14.24 125.08
11MCDI/KO 3.04 607.10 13.12 46.27
13|CTRL/WT 3.20 639.71 16.94 37.75
14|CTRL/WT 3.69 737.56 14.96 49.30
15|CTRL/WT 2.38 476.64 15.53 30.69
16|CTRLAWT 2.87 574.48 16.16 3556
17|CTRLWT 5.81 1161.56 15.58 74.55
18| CTRLWT 3.85 770.18 16.05 47.98
19IMCD/WT 5.16 1031.10 12.82 80.43
200MCD/WT 4.67 933.25 14.24 65.54
21MCD/WT 22.93 4586.20 16.21 282.96
22\ MCD/WT 9.40 1879.11 14.24 131.96
23IMCD/WT 3.69 737.56 15.95 48.25
24 MCD/WT 4.18 835.41 12.42 67.27
MCD diet 2.37
10ul
MCD diet 3.92
30ul
Ctrl diet 10ul 1.60
Ctrl diet 30ul 4,70
MEAN sD
Cirl KO 23.49 41,11
MCD KO 100.33 31.95
Ctrl WT 45.97 14.38
MCD WT 112.40 80.73
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Appendix 4.6: Raw data, mean and SD for serum TG

Mouse# Treatment Serum TG [ug] TG [mgl in 1L
serum
1ICTRUKO 22.74 1136.98
21CTRL/KO 25.76 1287.78
25|CTRL/KO 19.42 971.11
26 CTRL/KO 13.39 669.52
4|CTRL/KO 17.186 858.01
6|CTRL/KO 17.16 858.01
7IMCD/KO 10.53 526.26
8 MCD/KO 15.80 780.15
10| MCD/IKO 9.47 473.48
11 MCD/KO 11.88 594.12
13|CTRLWT 20.78 1038.96
14|CTRL/WT 14.60 729.83
15|CTRLWT 21.38 1069.12
16|CTRLANT 15.50 775.07
17/CTRUWT 14,75 737.37
18|CTRL/WT 13.69 684.60
19 MCDWT 11.88 594.12
20/MCDMWT 8.72 43578
27 MCD/WT 11.58 579.04
22IMCDIWT 10.53 526.26
23 MCD/WT 12.49 624.28
24 MCD/WT 13.54 677.06
MEAN SD

CTRLWT 839.16 154.44
CTRLU/KO 963.57 201.66
MCD/WT 572.76 76.32
MCD/KO 596.00 119.97
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Appendix 4.7: Raw data, mean and SD for CD

Mouse # | Treatment |OD 234 |CD [nMol] |Total protein [mg] CD per myg
protein
1CTRL/KO 0.101 85.59 11.52 7.43
2ICTRL/KO 0.099 83.90 18.22 4.60
25ICTRLIKD 0.167 141.53 10.05 14.09
26/CTRLKO 0.151 127.97 13.83 9.25
41CTRLIKO 0.142 120.34 15.43 7.80
6/CTRLKO 0.08325 78.03 13.58 5.82
7IMCD/IKO 0.3358 283.90 8.69 32.68
8IMCDIKO 0.324 274,58 10.54 26.06
10IMCD/KO 0.306 259.32 14.24 18.21
11IMCD/IKO (.148 126.27 1312 9.62
131CTRUWT 0.088 83.90 16.54 4.95
14ICTRUWT 0.1185 100.42 14.96 6.71
15|CTRUWT 0.102 86.44 15,53 557
16|CTRLAWT .13 110.17 16.18 6.82
17|1CTRLAWT 0.188 158.32 15.58 10.23
18|CTRLAWT 0.147 124.58 16.05 7.76
19IMCD/WT 0.174 147 46 12.82 11.50
20/MCDMWT 0.174 147 .46 14.24 10.35
21 MCDWT 0.164 138.88 16.21 8.57
22\MCDMWT 0.212 179.66 14.24 12.62
23 MCD/WT 0.27 228.81 15.85 14.35
24 MCD/WT 0.225 180.68 12.42 15.35
MEAN 5D

CTRI/KO 5.98 1.61

MCD/KO 21.64 8.62

CTRL/WT 7.01 1.70

MCD/WT 12.13 2.30
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Appendix 4.8: Raw data, mean and 8D for LOOH

Mouse # [Treatment |LOOH from curve [LOOH in sample Total protein|LOOH per mg
[nMol] inMol] [mgl protein
1ICTRL/KO 0.08 2.10 11.52 0.18
2|CTRLU/KO 0.07 1.64 18.22 0.09
25/ CTRL/KO 0.26 5.48 10.05 0.64
26|CTRL/KO 0.18 4.44 13.83 0.32
4|CTRUKO 0.17 4.21 1543 0.27
6|CTRUKO 0.13 3.27 13.58 0.24
7 MCD/KO 0.23 5.65 8.69 0.65
81MCD/KO 0.42 10.54 10.54 1.00
10|MCD/KO 1.24 31.08 14.24 2.18
11 MCD/KO 0.24 5.08 13.12 0.46
13|CTRL/WT N/a N/a N/a Nia
141CTRUWT 0.05 1.17 14.96 0.08
15/ CTRUWT 0.08 1.96 15.53 0.13
16| CTRL/WT 0.08 2.09 16.16 0.13
17ICTRL/WT 0.07 1.77 15.58 0.11
18| CTRL/WT 0.07 1.64 16.05 0.10
19IMCD/WT 0.57 14.30 12.82 1.12
20|MCD/WT 0.54 13.58 14.24 0.95
21IMCD/WT 0.39 9.83 16.21 0.61
22IMCD/WT 0.70 17.60 14.24 1.24
23|MCD/WT 0.35 8.66 15.85 0.54
24 MCD/WT 0.27 6.79 12.42 0.55
MEAN SD
CTRLU/KO 0.22 0.08
MCD/KO 1.07 0.67
CTRLMWT 0.1 0.02
MCD/WT 0.83 0.28
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Appendix 4.9: Raw data, mean and SD for {TBARS

Mouse # |Treatment |OD 540 fTBARS [nMol] |Total protein [mg] |fTBARS per mg
protein
1ICTRU/KO 0.025 49.31 11.52 4.28
2|CTRL/KO 0.027 53.26 18.22 2.92
25|CTRU/KO 0.1405 277.13 10.05 27.58
26|CTRL/KO 0.047 92.71 13.83 6.70
41CTRUKO 0.07 138.07 15.43 8.95
8|CTRL/KO 0.035 68.04 13.58 5.08
7IMCD/KO 0.071 140.05 8.69 16.11
8|MCD/KO 0.062 122.29 10.54 11.61
10MCDIKO 0.055 108.49 14.24 7.62
11IMCD/KO 0.037 72.98 13.12 5.56
131 CTRUWT 0.004 7.89 16.94 0.47
14 CTRUWT 0.006 11.83 14.96 0.79
15|CTRUWT 0.005 9.86 15.53 0.64
16| CTRLUWT 0.005 9.86 16.16 0.61
17/ CTRLWT 0.002 3.94 15.58 0.25
18|CTRLAWT 0.006 11.83 16.05 0.74
18/MCD/WT 0.007 13.81 12.82 1.08
20l[MCD/WT 0.008 15.78 14.24 1.1
21MCD/WT 0.013 2564 16.21 1.58
22IMCD/WT 0.007 17.02 14.24 1.20
23IMCD/WT 0.008 15.78 15.95 0.99
24 MCD/WT 0.0086 11.83 12.42 0.95
MEAN SD
CHl/KO 5.59 2.08|"Mouse 25 excluded
MCD/KO 10.22 4.03
CiwT 0.58 0.18
MCD/WT 115 0.21
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Appendix 4.10: Raw data, mean, SD of tTBARS

Mouse # [Treatment OD 540 (TBARS [nMol] |Total protein [mg] tTBARS per mg
profein
TCTRLKO 0138 27447 11,52 23.80
2| CTRLUKD 0.083 163.72 18.22 8.08
25|CTRLUKD 0.272 536.51 10.05 53.40
2B CTRUKGC 0.158 390.55 13.83 28.23
AICTRLAC 0,124 244 59 15.43 15.86
BIOTRLAKO 0.133 262.34 13.58 19,32
FIMCDIRO 1.055 2080.96 8.69 238,37
SIMCDIKG {.533 1051.33 10,54 099,749
10 |MCDIKO 1.149 226638 14.24 159,15
11 MCDIKO {.068 134,13 13.12 10.22
13| CTRLMWT {.103 203.17 16.94 11,99
14| CTRLMWT (.08 177.52 14.96 11.87
15| CTRLWT o082 181.47 15,53 11 69
1EICTRLANT .11 218,84 16.16 13,55
1PICTRLAWT 0,07 140,05 15.58 8.99
TBICTRLWT 0.1 197.25 16.05 12.29
19IMCDANT 0.248 48917 12.82 3816
ZOIMCDMWT 0277 54638 14.24 2837
2TMCDANT £.197 388.58 16.21 23.97
22IMCDANWT 0.271 658 85 14 .24 48,27
2AMCDANT 0153 301.79 15.9% 18,93
24IMOCDAWT 0.183 J80.96 12.42 29.07
AV ST

Crils 24,30 17.18

MODHED 127,13 83,72

CirlWT 11.73 1.37

MODAWT 32.46 9.35

220



Appendix 4.11: Raw data, mean and SD for CYPZE] activity

Mouse # Treatment |nMols p-AP  nMols p-AP nMols p-AP in Microsomal niMols p-APimg
from curve per ul 120 ul protein [mg] protein/min
1ICTRLKO 0.24 £.005 0.582 7.00 0.001
2ICTRLIKO 0.36 0.007 0.873 8,53 0.002
25 CTRL/IKO 0.73 0.015 1.747 5.99 0.005
26ICTRU/KO 1.03 0.021 2.475 6.72 0.006
4ICTRL/KO 0.67 0.013 1.601 7.12 0.004
SICTRL/KO 0.48 0.010 1.165 8.09 0.002
7IMCD/KO 6.58 0.131 15,743 4.40 0.060
8 MCDIKO 3.03 0.061 7.282 4.81 0.025
10{MCD/KO 8.75 0.175 21.001 4.41 0.079
11HMCD/KO 7.59 0.152 18.225 3.32 0.081
13|CTRUWT 0.36 0.007 0.873 8.1 0.002
14| CTRUWT 0.48 0.010 1.165 7.84 0.002
15ICTRLWT 0.36 0.007 0.873 8.86 0.002
16ICTRLWT 0.55 6.011 1.310 7.24 0.003
17/CTRUWT 0.42 0.008 1.018 8.11 0.002
18| CTRLAWT 0.24 0.005 0.582 7.61 0.001
19 MCDIWT 2.18 0.044 5.242 5.24 0.017
20 MCD/WT 3.34 0.067 8.011 5.74 0.023
21 MCD/WT 2.49 0.050 5.971 6.84 0.015
22 MCOD/WT 3.88 0.078 9.323 6.19 0.025
23 MCD/WT 7.65 0.153 18.371 4.04 0.078
24IMCD/WT 8.51 0.170 204186 5.24 0.065
MEAN S0
CTRL/KO 0.003 0.002
MCDIKO 0.064 0.025
CTRL/WT 0.002 0.001
MCD/WT 0.037 0.024

221



Appendix 5
Raw Data: LPS Study



Appendix 5.1: Weights [g] during the LPSS

Mouse # | Treatment Weight at | Wk 1 Wk 2 Wk 3 Sacrifice | Liver New
on cage Wk g {wk 4) wifg] | No.
i MCD/LPS 25.0 21.5 19.8 17.9 16.6 0.6 9
2 MCD/LPS 26.6 22.7 174 15.8 16,8 0.8 19
3 MCD/LPS 27.1 22.0 19.3 18.0 16.8 0.8 11
4 MCD/LPS 25.6 216 19.0 17,7 16.6 0.6 12
5 MCD/LPS 249 21.2 18.6 17.1 174 0.8 13
6 MCD/LPS 26.0 22.1 16.4 15.2 17.4 0.8 14
7 MCD/LPS 234 19.5 223 20.6 154 0.6 15
8 MCD/LPS 238 22.5 20.9 16.3 15.8 0.8 16
1 MCD/Saline 260 22.3 19.6 18.2 17.0 0.8 17
2 MCD/Saline 22.7 18.9 214 16.6 15.6 0.6 18
3 MCD/Saline 243 207 203 18.6 174 0.8 19
4 MCD/Saline 24.2 20.9 20.0 18.9 17.4 1.0 28
5 MCD/Saline 23.7 19.7 19.9 18.3 164 0.8 21
6 MCD/Saline 222 18.5 20.7 18.9 14.8 0.6 22
7 MCD/Saline 28.2 239 18.2 16.3 19.6 0.8 23
8 MCD/Saline 26.9 25.5 19.5 17.7 19.2 0.8 24
1 Cul/LPS 23.9 25.2 25.9 27.1 25.6 1.0 25
2 Cul/LPS 24.4 254 26.2 26.9 254 1.0 26
3 Cul/LPS 23.5 23.8 24.5 24.8 26.0 1.2 27
4 Cul/LPS 23.7 24.8 26.0 273 23.8 1.2 28
5 Cal/LPS 24.9 265 263 284 26.8 1.2 29
6 Cul/LPS 25.0 27.2 27.8 29.1 28.8 1.2 30
7 Cul/LPS 22.0 23.7 24.6 274 23.8 1.0 31
8 Cul/LPS 22.3 22.7 252 23.6 22.4 1.0 32
1 Cul/Saline 24.6 26.0 28.1 28.9 29.2 1.2 i
2 Cul/Saline 23.3 239 24.2 253 254 1.2 2
3 Cirl/Saline 23.4 25.8 27.5 28.9 304 1.2 3
4 Curl/Saline 253 25.1 273 27.6 28.6 1.2 4
5 Cirl/Saline 24.8 26.1 23.5 27.0 28.2 1.4 5
& Cir{/Saline 25.0 267 28.5 30.1 314 1.2 6
7 Curl/Saline 214 21.6 22.6 23.0 23.8 1.2 7
8 Crr¥/Saline 23.7 255 26.0 27.5 27.4 1.2 8
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Appendix 8.2: ALT

Mouse # Treatment |ALT (Uiml)
1|CtrifSaline 20
2/Ctri/Saline 22
3 Cirl/Saline 17
4CtrifSaline 18
5|Ctri/Saline 13
6|Ctri/Saline 22
7\Ctrl/Saline 17
8|Ctri/Saline 13
9IMCD/LPS 177

10/MCD/LPS 239
11IMCD/LPS 353
12|MCD/LPS 93
13IMCD/LPS 368
14IMCD/LPS 218
15IMCD/LPS 549
16 MCD/LPS 167
17IMCD/Saline 59
18IMCD/Saline 85
19IMCD/Saline 45
20|MCD/Saline 65
21IMCD/Saline 46
22IMCD/Saline a0
23IMCD/Saline 54
24|MCD/Saline 67
25/CHrl/LPS 24
26|Ctri/LPS 36
27|CHrl/LPS 70
28{Ctri/LPS 364
29|CHrl/LPS 33
30|CHYLPS 66
31|CHlLPS 40
32/CH/LPS 166
MEAN SD

Ctrl 17.75 3.3

Ctri/lLPS 99.88 108.44

MCD/LPS 270.50 136.28

MCD/Saline 63.88 15.56
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Appendix 5.3: Liver Pathology in the Lipopolysaccharide Study

No. Treatment Fat (score) Fat (distribution) Inflammatory foci | No. foci DIPAS macs (score) No. macs Fibrosis
score {Score)
1 | Cui/Saline 0 N/A 1 &) 0 Q Q
2 | Cii/Saline 0 N/A 0 1 0 ¢ 0
3 | Ctri/Saline 0 N/A 0 ¢ 0 0 0
4 | Cirl/Saline 0 N/A 0 1 0 0 a
5 | Cul/8aline 0 NIA ¢! 0 0 Q 0
6 | Clii/Saline Q NIA 0 0 0 0 0
7 | Cirl/Saline 4] NIA 4] 2 0 0 0
8 | Ctri/Saline 0 N/A 0 2 0 0 0
9 | MCD/Saline 3 Zone 1 1 4 0 0 Q
10 | MCD/Saline 1 Zone 1 2 18 0 0 0
11 | MCD/Saline 2 Zone 1 3 24 2 18 0
12 | MCD/Saline 1T Zone 1 2 11 0 1 0
13 | MCD/Saline NIA NIA NA | N/A NiA NIA N/A
14 | MCD/Saline 27, Query 3 Zone 1§ 2 10 g 0 a
18 | MCD/Saline 1 Zone 1 3 29 0 0 0
18 | MCD/Baline 1 Zone 1 2 13 Y 1 0
17 | MCDILPS 1 Zone 1 2 19 0 1 0
18 | MCD/LPS 2 Zone 1 2 16 0 0 Q
19 | MCDILPS 1 Zone 1 2 15 g 0 Q
20 | MCDILPS 24or1T Zone 1 2 17 0 0 0
21 | MCDILPS 1 Zone 1 3 20 0 0 0
22 | MCDILPS 14 Zone 1 3 28 0 0 0
23 | MCDILPS 0 Zong 1 1 8 0 0 0
24 | MCDILPS 1 Zone 1 2 13 0 0 0
25 | CuliLPS 0 N/A 2 19 ¢ 0 0
26 | CHiiLPS ) NIA 2 11 0 0 0
27 | CuilLPs 0 NiA 2 10 0 0 0
28 | Cui/LPS a N/A 2 11 0 1 0
289 | CHILPS 0 N/A 2 10 g 0 0
30 | CHinLPs 0 NIA 2 18 g 2 0
3 | CHiPs 0 N/A 2 12 0 0 0
32 | CWILPS 0 N/A 1 g 0 1 0

Macs: Enlarged macrophages; Random indicates some fat was found in all zones with no zonal predominance.
All scores and numbers based oo counts in 20hpf.
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Appendix 5.4: Raw data, mean and SD for hepatic TG

Mouse # Treatment (TG from curve |TG in sample Total protein TG permg
[ug] [ug] [mg] protein
11CtriiSaline 3.92 784.02 18.02 43.51
2{Ctrl/Saline 2.03 405.74 17.68 22.95
31Cul/Saline 237 474.52 15.99 29.68
41Ctrl/Saline 3.40 680.85 21.94 31.03
5,CtrifSaline 2.89 577.68 18.77 30.78
6/Ctrl/Saline 3.58 715.24 18.02 39.69
7 |ClrifSaline 2.72 543.29 19.52 27.83
8/ Ctrl/Saline 4.26 852.80 16.04 4478
SIMCD/LPS 4.44 887.19 18.70 47 .44
10|MCD/LPS 2.72 543.29 12.66 42 .91
11 MCD/ILPS 340 680.85 16.53 41.19
12\MCDILPS 2.72 543.29 11.35 47.88
13 MCD/ILPS 375 749.63 8.59 78.18
14 MCD/LPS 4.09 818.41 11.94 58.56
15|MCD/ILPS 4.26 852.80 16.80 50.76
16| MCD/LPS 6.50 1299.86 12.73 102.14
17 \MCD/Saline 4.09 81841 10.85 74.71
18|MCD/Saline 5.64 1127.92 11.67 96.61
18/ MCD/Saline 3.40 680.85 13.59 50.11
20\MCD/Saline 3.75 749.63 14.52 51.64
21MCD/Saline 3.75 749.63 15.79 47.48
22/ MCD/saline 4.44 887.19 17.41 50.96
23IMCD/Saling 3.23 646.46 17.61 36.71
24 MCD/Saline 5.98 1196.69 1512 79.16
25 CHiLPS 3.75 749.63 21.81 34.38
28| Ctri/LPS 3.58 715.24 20.70 34.56
27\ Cri/LPS 3.58 715.24 18.98 37.68
28|Cul/ILPS 2.03 405.74 18.80 20.49
29\ CulfLPsS 2.89 577.88 15.92 36.28
30|CuLPS 3.40 680.85 20.28 33.57
31 |CHlLPS 4.28 852.80 17.41 48.99
32|CHYLPS 4.09 818.41 22.50 38.37
MEAN sSD
CTRL 33.78 7.39
CTRLAPS 35.28 7.24
MCD 60.52 18.53
MCDILPS 59.88 20.05
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Appendix 5.5: Raw data, mean and 8D for CD

Mouse # Treatment (0OD 234 CD [nMol] Total Protein [mg] CD/mg fotal
protein
1|CtriiSaline 0.0995 84.32 18.02 4.68
2{Ctri/Saline 0.08 76.27 17.68 4.31
3|Ctri/Saline 0.107 90.68 15.99 5.67
41Ctl/Saline 0.102 86.44 21.94 3.94
5/Ctri/Saline 0.083 70.34 18.77 375
8|CtrifSaline 0.088 74.58 18.02 4.14
7iCtriiSaline 0.086 72.88 18.52 373
8| Ctrl/Saline 0.092 77.97 19.04 4,08
9IMCDILPS 0.117 98.73 18.70 5.28
10/ MCD/LPS 0.143 121.18 12.66 9.57
11MCDILPS 0.102 86.02 16.53 5.20
12|MCD/LPS 0.137 116.10 11.35 10.23
13MCDILPS 0.155 131.36 9.59 13.70
141MCD/ILPS 0.143 121.18 11.94 10.15
15 MCDILPS 0.186 157.863 16.80 9.38
18{MCD/LPS 0.126 106.78 12.73 8.39
17IMCD/Saline 0.081 76.69 10.85 7.00
18{MCD/Saline 0.148 12542 11.67 10.74
181MCD/Saline 0.088 80.08 13.59 5.89
20/MCD/Saline 0.112 94 .92 14.52 5.54
21 1MCD/Saline 0.121 102.54 15.79 549
221MCD/Saline 0.1165 98.73 17.41 5.67
23 MCD/Saline 0.099 83.90 17.61 4.76
24 MCD/Saline 0.096 80.93 15.12 5.35
25/ CHiiLPS 0.087 73.31 21.81 3.36
28ICHILPS 0.101 85.59 20.70 4.14
27 . CriLPS 0.203 172.03 18.98 9.07
28|Crl/LPS 0.112 94.92 19.80 4.79
28/CHULPS 0.088 75.42 156.92 4.74
30|CUILPS 0.122 103.38 20.28 5.10
31CHILPS 0.118 100.85 17.41 579
321CUiLPS 0.115 97.48 22.50 4.33
MEAN sSD

CTRL 4.29 0.60

CTRL/LPS 5.16 1.62

MCD/LPS 8.99 2.80

MCD/Saline 6.56 1.72
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Appendiz 5.6: Raw data, mean and 8D of LOOH

Mouse# |Treatment [LOOH from curve |LOOH in sample [Total LOOH per mg
[nMol] [nMol] protein [mg] |protein
1{Ctrl/Saline 0.22 5.59 18.02 0.31
2|Crl/Saline 0.38 9.62 17.68 0.54
3|Ctri/Saline 0.24 5.98 16.99 0.37
4/ Ctrl/Saline 0.34 8.45 21.94 0.38
5 Ctrl/Saline 0.33 8.19 18.77 0.44
6|CtrifSaline 0.33 8.32 18.02 0.46
7| Ctrl/Saline 0.28 6.50 18.52 0.33
8|Ctri/Saline 0.29 7.28 19.04 0.38
9IMCD/LPS 0.32 8.08 18.70 0.43
10/MCD/LPS 0.60 14.86 12.66 1.18,
11 MCD/LPS 0.51 12.87 16.53 0.78
12| MCD/LPS 0.76 18.99 11.35 1.67
13|MCD/LPS 1.18 28.43 8.59 3.07
14 MCD/LPS 0.69 17.17 11.84 1.44
15|MCD/APS 0.51 12.74 16.80 0.76
16|MCD/LPS 0.32 7.93 12.73 0.62
17|MCD/Saline 0.51 12.78 10.85 117
18|MCD/Saline 0.63 15.84 11.67 1.36
19 MCD/Saline 0.57 14.24 13.59 1.05
20 MCD/Saline 0.60 15.04 14.52 1.04
21 1MCD/Saline 0.55 13.71 15.79 0.87
22 MCD/Saline 0.63 15.84 17.41 0.91
23\MCD/Saline 0.50 12.51 17.61 0.71
24|MCD/Saline 0.53 13.18 15.12 0.87
25|Ctri/LPS 0.26 6.52 21.81 0.30
26\ Ciri/LPS 0.37 9.31 20.70 0.45
271CLPS 0.33 8.25 18.98 0.43
28|CulLPS 0.38 9.45 19.80 0.48
28 Ctri/LPS 0.30 7.45 15.92 0.47
30|CHLPS 0.31 7.72 20.28 0.38
3 CrifLPS 0.51 12.78 17.41 0.73
32|CHI/LPS 0.31 7.85 22.50 0.35
MEAN SD
CTRL 0.40 0.07
CTRL/LPS 0.45 012
MCD/LPS 1.24 0.79
MCD/Saline 1.00 0.19
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Appendix 5.7: Raw data, mean and 8D for f/TBARS

Mouse # Treatment |OD 540 fTBARS InMol] Total protein fTBARS/mg
[mg] rotein
1iCirl/Saline 0.018 35.50 18.02 1.97
2|CtrifSaline 0.029 57.20 17.68 3.24
3|Ctr/Saline 0.0165 32.55 15.98 2.04
4|Ctri/Saline 0.0405 79.89 21.94 3.64
5|Ctri/Saline 0.033 65.09 18.77 3.47
6|Ctrli/Saline 0.0465 91.72 18.02 5.09
71Ctri/Saline 0.0345 68.05 19.52 3.49
8|Ctrl/Saline 0.0365 72.00 16.04 3.78
GIMCD/LPS 0.0495 97.64 18.70 522
10IMCD/LPS 0.0535 105.53 12.66 8.33
11IMCD/LPS 0.021 41.42 16.53 2.51
12IMCD/LPS 0.037 72.98 11.35 6.43
13IMCDAPS 0.0455 89.75 9.59 9.36
14 MCD/LPS 0.033 65.09 11.94 5.45
15IMCD/LPS 0.031 61.15 16.80 3.64
16|MCD/LPS 0.0385 75.94 12.73 5.97
17IMCD/Saline 0.0195 38.46 10.95 3.51
18|MCD/Saline 0.0265 52.27 11.67 4.48
19IMCD/Saline 0.02 39.45 13.59 2.90
20|MCD/Saline 0.028 55.23 14.52 3.80
21MCD/&aline 0.021 41.42 15.79 2.62
22\MCD/Saline 0.028 55.23 17.41 317
23|MCD/Saline 0.0245 48.33 17.61 2.74
24 \MCD/Saline 0.026 51.28 15.12 3.39
25 CHriLPS 0.05 98.62 21.81 452
26 Cui/LPS 0.0325 64.11 20.70 3.10
27|Cl/LPS 0.035 69.04 18.98 3.64
28 Ctrl/LPS 0.0515 101.58 19.80 5.13
29|1CHi/LPS 0.0325 64.11 15.92 4.03
30|CHrI/LPS 0.0425 83.83 20.28 413
31| Cir/LPS 0.042 8§2.84 17.41 4.76
32 Ctri/LPS 0.0505 99.61 22.50 4.43
MEAN 8D

CTRL 3.34 0.93

CTRULPS 422 0.60

MCD/LPS 5.86 2.1

MCD/Saline 3.33 0.57
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Appendix 5.8: Raw data, mean and SD for tTBARs

Mouse # Treatment |OD 540 {TBARS [nMol] Total protein {TBARS/Img
Img] protein
11Ctri/Saline 0.0405 79.89 18.02 4.43
2, Ciri/Saline 0.033 65.00 17.68 3.68
31 CtrifSaline 0.0318 62.13 15.89 3.89
4| CtrifSaline 0.0335 66.08 21.84 3.01
5{Ciri/Saline 0.0355 70.02 18.77 3.73
BiCtrifSaline 0.033 65,08 18.02 3.61
7iCtrifSaline 0.0335 66.08 16.52 3.38
8|Ctrl/Saline 0.031 61.15 19.04 321
9IMCDILPS 0.3235 838.10 18.70 3412
10MCD/LPS 0.383 775.18 12.66 61.23
11IMCD/ILPS 0.371 731.79 16.53 44.27
12\MCD/ILPS 0.854 1280.00 11.35 113.68
13 MCD/LPS 0.6125 1208.14 5.59 125.89
14 MCD/LPS 0.8605 1302.82 11.94 109.14
15IMCD/LPS 0.6005 1184.47 16.80 70.51
18{MCD/LPS 0.6515 1285.07 12.73 100.97
17 MCD/Saline 0.4845 955.67 10.95 87.24
18 MCD/Saline 0.893 176142 11.67 160.88
19/MCD/Saline 0.2355 464.52 13.59 34.19
201MCD/Saline 0.484 954 .68 14.52 65.78
21MCD/Saline 0.5055 987.09 15.79 63.15
22|MCD/Saline 0.4575 902.41 17.41 51.84
231MCD/Saline 0.233 459,59 17.61 26.10
24 MCD/Saline 0.388 761.38 15.12 50.36
25|CHIILPS 0.136 268.26 21.81 12.30
26/CHlLPS 0.1675 330.39 20.70 15.86
27 /CHILPS 0.1455 287.00 18.98 15.12
28\ Cii/LPS 0.062 122.29 19.80 6.18
28|CHIILPS 0.078 153.85 15.92 8.66
30.CriLPS 0.127 250.50 20.28 12.35
311 CULPS 0.0895 176.54 17 .41 10.14
32 CrLPS 0.1225 241.83 2250 10.74
MEAN SD

CTRL 3.62 .41

CTRULPS 11.56 2.93

MCD/LPS 82.49 32.24

MCD/Saline 66.19 2.83
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