20. Research Proposal
Project Title: Non-alcoholic steatohepatitis (NASH) versus simple hepatic steatosis: Is there a
difference in the nutritional factors influencing lipid perioxidation and inflammation?

INTRODUCTION:

Non-alcoholic fatty liver disease (NAFLD) is an increasingly recognized condition that may
progress to end-stage liver disease. It refers to a wide spectrum of liver damage ranging from
simple steatosis to steatohepatitis, advanced fibrosis and cirrhosis. While simple steatosis has a
benign course, steato-hepatitis (NASH) can progress to fibrosis and cirrhosis. In NASH, the
pathological picture resembles that of alcohol-induced liver injury, but it occurs in patients who
do not abuse alcohol'™. The diagnosis is usually suspected in persons with asymptomatic
elevation of aminotransferase levels, radiologic findings of fatty liver, or unexplained persistent
hepatomegaly. The clinical diagnosis and liver tests have a poor predictive value with respect to
histologic involvement®. The diagnosis and the severity of liver damage can only be confirmed
with a liver biopsy’'®.

NAFLD is associated with obesity, diabetes and hyperlipidemia, with a variable degree of
disordered fatty-acid metabolism and insulin resistance'®. Fat accumulation in the liver increases
oxidative stress. This may lead to increased production of cytokines like TNF-a and TGF-3
which can contribute to the development of steatohepatitis, fibrosis and insulin resistance.
Changes in FA composition within the liver may also influence lipid metabolism and
inflammation. Animal studies showed that a lower polyunsaturated FA (PUFA) in the liver,
particularly the n-3 PUFA family of fatty acids (FA), predispose to liver steatosis (7-10).
Depletion of PUFA favors lipid synthesis over oxidation and secretion (11-13). There is also
evidence that n-3 PUFA have an effect on the transcription of antioxidant genes, inflammatory
response and ROS production (23). One human study (24) looked at differences in hepatic gene
expression by microarray in morbidly obese patients (mean BMI 50 kg/m®)(29 NASH, 12
steatosis, 7 obese controls and 6 non-obese controls): 34 genes related to extracellular matrix
remodeling, liver regeneration and apoptosis were differentially expressed in NASH patients.
These changes in liver FA composition may be influenced by dietary intake of PUFA, high rate
of lipid peroxidation or low A-6 desaturase activity. In humans, variations of the content of
PUFA in plasma, erythrocytes and adipose tissue correlate with dietary intake (25-29) but no
suteis reported on liver FA composition and diet in NASH. None of the NASH studies on FA
composition had a true healthy control group for comparison and no other studies have published
liver FA composition data and their possible relations with gene expression.

Weight loss, treatment of hyperlipidemia and hyperglycemia, and discontinuation of toxic drugs
are the mainstays of therapy'’. However, many patients lack known risk factors'? and these
efforts cure only a few *'%'* %22 In fact, although there could be improvement in liver tests and
steatosis after weight reduction'”***, the degree of necroinflammation and fibrosis may worsen
232426273031 and rapid weight reduction may even accelerate disease progression™>*****. So far,
no medications reduce or reverse liver damage independently of weight loss'®. Seven small pilot
studies lasting one year or less were reported to date using various compounds'®. Two used
vitamin E, a potent liposoluble antioxidant: one improved liver tests in obese children® and
another, in adults®, improved both liver tests and histology.
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Based on this, in patients with elevated liver enzymes, we plan to compare those with SS,
NASH and subjects with minimal findings on liver biopsy to healthy controls (HC) by
enrolling healthy living donors from the Transplantation Program. We will measure hepatic
FA composition and expression of genes involved in lipid metabolism. In addition, we will
measure hepatic and plasma markers of oxidative stress, nutritional status (anthropometry,
body composition and dietary intake) and IR.

Recent animal studies also suggest that the intestinal microflora (microbiota) (IM) composition
might play a role in the development of NAFLD******. However, there are currently no human
data available to assess the role of IM in NAFLD. We therefore want to include a pilot project
comparing the microbiota composition of patients with SS, NASH or minimal findings to
healthy controls.

One way by which IM could lead to fatty liver is a reduction of choline bioavailability due to
bacterial metabolism of choline. We therefore also want to measure serum free choline in all
three groups.

The objectives: To determine and compare healthy control liver donors to patients with elevated
liver enzymes who were found to have simple steatosis, NASH or minimal findings on liver
biopsy, liver lipid peroxides and TNF-a; liver immunohistochemistry for adducts of MDA, a
product of lipid peroxidation (LP), a-smooth muscle actin (a-SMA), a marker of hepatic stellate
cell activation; and transforming growth factor (TGF-f), a profibrogenic cytokine involved in
fibrogenesis; microbiota composition. In addition, other measurements include: insulin resistance
parameters such as HbAlc, blood lipid profile, blood glucose, insulin and c-peptide; plasma lipid
peroxide, antioxidant vitamins and antioxidant power; red blood cell membrane and hepatic fatty
acid profile (n-6 PUFA and n-6/n-3 ratio); nutritional indices such as 7 days food record and
anthropometry; liver enzymes; subject demographics and medical history. 2. To detect
differences in hepatic gene expression between patients with NAFLD (SS+NASH) and healthy
controls (healthy liver donors) by using cDNA microarrays. 3. To determine if there is an
association between hepatic n-3 PUFA content and gene expression between simple steatosis and
NASH patients. 4. To compare intestinal microbiota composition and serum free choline in the
three groups.

BACKGROUND AND SIGNIFICANCE:

Epidemiologic features

Risk Factors: NASH is associated with a number of metabolic conditions, surgical procedures
and drug treatments >>~°. However, most patients with NASH have central obesity, up to 75%
are female **’and many have diabetes mellitus, hypercholesterolemia or hypertriglyceridemia.
The reported prevalence of obesity in several series of patients with NASH varied between 30
and 100%"%!%11:20283892 “Tryncal obesity seems to be an important risk factor, even in patients
with a normal BMI*. The prevalence of NAFLD increases by a factor of 4.6 in obese people
with body mass index (BMI) of at least 30**. However, regardless of BMI, the presence of type 2
diabetes mellitus significantly increases the risk and severity of the disease'*’. In NASH, the
prevalence of type 2 diabetes varies between 10 and 75% and the prevalence of hyperlipidemia is
between 20 and 92 percent”™!%!12028:3842 " Apout half of patients with hyperlipidemia were found
to have NAFLD on ultrasound examination®.

NASH is also described in obese children*”*® and has increased in frequency over the past
10 years. The largest pediatric series published to date (36 patients) is from the Hospital for
Sick Children in Toronto. Most patients were obese (114-192% ideal body weight) and 5
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developed diabetes. Risk factors and pathogenesis are thought to be similar to NASH in
adults’.

Prevalence of NAFLD and NASH

NAFLD affects 10% to 24% of the general population in various countries. The prevalence
increases to 57.5%°' to 74%** in obese persons. NAFLD affects 2.6% of children® and
22.5% to 52.8% of obese children. NAFLD is the cause of asymptomatic elevation of
aminotransferase levels in up to 90% of cases once other causes of liver disease are excluded™.
More specifically, NASH is the histologic diagnosis in 7%-11% of patients undergoing liver
biopsy in the United States and Canada®™". Tt is often diagnosed after abnormal “routine
tests”' " and is the most common cause of abnormal liver tests in North American adults®.
Recently an estimate was calculated from the known prevalence of obesity and type 2 diabetes
mellitus ** based on US data, where obesity affects 22.5% of people 20 years of age or older™®
and steatohepatitis affects about 3% of the lean population (<110% ideal body weight), 19% of
the obese population and almost half of morbidly obese people™'’. For year 2000° , an
estimated 30.1 million obese adults in the US may have steatosis and about 8.6 million may
have NASH. The association of diabetes and obesity may pose an added risk: among the
severely obese patients with diabetes, 100% were found to have steatosis, 50% steatohepatitis
and 19% cirrhosis™. Based on these numbers, the prevalence of NAFLD in USA seems to be
substantially greater than the 1.8% prevalence of hepatitis C virus infection™. Since the
prevalence of obesity in Canada is getting close to the one in the US, with 30.5% of Canadians
between the ages of 20-62 with a BMI > 27 and 13.5% with BMI > 30 *, NASH is becoming
an important Public Health issue even in Canada.

Prognosis and Burden of the Illness

Whereas simple steatosis is a benign condition, NASH characterized by the combination of
steatosis, infiltration of mononuclear cells or polymorphonuclear cells (or both) and hepatocyte
ballooning and spotty necrosis may progress to cirrhosis”'’. A finding of fibrosis in NAFLD
suggests more advanced and severe liver injury. In a total of 673 liver biopsies performed in
NAFLD>>'%121%17 " some degree of fibrosis is found in up to 66% of patients at the time of
diagnosis, whereas severe fibrosis (septal fibrosis or cirrhosis) is found in 25% and well-
established cirrhosis is found in 14%.

No major prospective longitudinal study has been carried out to determine the prognosis of
NASH. From existing case series, patients with simple steatosis have an excellent prognosis. No
significant clinical or histological deterioration occurred in 40 patients with pure steatosis over a
median of 11-year follow-up®’. In patients with NASH*'*¢'"%¢ 15.50% developed significant
fibrosis or cirrhosis. In these 299 patients, eight deaths from liver failure, two further non-fatal
cases of liver failure and one transplantation (total 11 = 3.1%) are described. Propst et al®’ have
reported a 67% 5S-year survival and 59% 10-year survival in 30 patients with NASH, compared
with 38% and 15% respectively in 65 patients with alcoholic steatohepatitis. In a more recent
study®®, 36% of patients with NAFLD died after a mean follow-up of 8.3 years; liver-related
diseases were the second most common cause of death, exceeded only by cancer. There was a
trend toward more liver-related deaths among those with NASH, explained by a higher
prevalence of cirrhosis’. A better understanding of the mechanisms involved should help
identify cohorts who are at high risk.
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Mechanisms

The pathogenesis of NAFLD is poorly understoo . Apart from simple steatosis (the “first
hit”), a “second hit” is required to induce necrosis, inflammation and fibrosis for the
development of NASH™*. Mechanisms associated with disordered fatty-acid metabolism and
insulin resistance, abnormal cytokine production due to portal endotoxemia and bacterial over-
growth, and oxidative stress due to lipid peroxidation (LP)” have been proposed. The most
recent hypothesis is that progression from simple steatosis to steatohepatitis and to advanced
fibrosis results from’* first, insulin resistance leading to accumulation of fat within hepatocytes,
and secondly LP’® inducing cytokine production'®.

Role of Obesity, Diet, and Insulin Resistance (IR)

A net retention of lipids within hepatocytes, mostly in the form of triglycerides, is a prerequisite
for the development of NAFLD. The primary metabolic abnormalities leading to lipid
accumulation are not well understood, but they could consist of alterations in the pathways of
uptake, synthesis, degradation, or secretion in hepatic lipid metabolism resulting from IR. IR is
the most reproducible factor in the development of NAFLD*’. The molecular pathogenesis of IR
seems to be multifactorial and several molecular targets involved in the inhibition of insulin
action have been identified’”™. IR leads to fat accumulation in hepatocytes by two main
mechanisms: lipolysis, which increases circulating fatty acids (FA) and hyperinsulinemia.
Lipolysis: The relative mobilizability of stored fats is increased by the degree of unsaturation at
a given carbon chain length. The process of lipolysis delivers these non-esterified (unsaturated)
FFA to the circulation'’'. This process provides appropriate amounts of circulating lipid fuel to
fat-oxidizing tissues. However, excess FFA availability can also induce IR, hypertriglyceridemia,
and changes in hepatic insulin clearance'®', abnormalities often associated with NAFLD. The
type of fat can influence lipid metabolism (83-88). N-3 PUFA intake can reduce fat
accumulation compared to saturated fat and increase lipid mobilization in visceral adipose tissue
(89). Several human studies (80-82, 90-93) have also shown that saturated fat is significantly
associated with worsening of IR, independent of body fat, while monounsaturated and PUFA
improves IR.

Excess delivery of unsaturated FFA to the liver also predisposes to liver steatosis and
provides substrates for LP”’. In fact, one study suggested that long-chain and very-long chain
(unsaturated) FFA may be the important factor in the pathogenesis of NASH®™.
Hyperinsulinemia: Steatosis also occurs when the amount of FA supplied to the liver exceeds the
amount needed for mitochondrial oxidation, synthesis of phospholipids and synthesis of
cholesterol esters. This is the presumed mechanism for steatosis in the setting of obesity™,
diabetes mellitus®, excessive dietary intake of fats and carbohydrates, acute starvation, total
parenteral nurition® and protein-calorie malnutrition®. Hyperinsulinemia and IR are key
components in this. High levels of insulin block mitochondrial fatty acid oxidation, leading to
accumulation of triglycerides and FA in the liver®. Increased concentrations of intracellular FA
may be directly toxic to hepatocytes or lead to oxidative stress *’. FA are also substrates and
inducers of the microsomal lipoxygenases cytochrome P-450 2E1 and 4A*™*. The level of
cytochrome P-450 2E1 is invariably increased in the liver of NASH and may result in the
production of reactive oxygen species (ROS) capable of inducing LP of hepatocyte
membranes® . Hyperinsulinemia also increases the synthesis of FA in hepatocytes by increasing
glycolysis and favors the accumulation of triglycerides in hepatocytes by decreasing hepatic
production of apolipoprotein B-100'%,

45,68-73
d
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The role of IR and oxidative stress in NAFLD is also supportd by a recent human study” in
about 10 subjects showing that NASH and simple steatosis were both associated with IR, even in
the absence of diabetes and that there was a greater degree of IR and oxidative stress in the liver
of patients with NASH compared with simple steatosis and normal controls. In addition,
oxidative stress may even further contribute to IR by inducing cytokine production””'™. In fact,
a direct link between TNFa and obesity-linked IR was established **** and a correlation was
demonstrated between the degree of adiposity, increased TNFa production and insulin resistance
6 Some even suggest that TNFo.”> may contribute to obesity-related NAFLD.

Finally, the distribution of body fat is also important in the development of hepatic steatosis. One
study has shown a significant correlation between the degree of hepatic steatosis and the waist-
to-hip ratio’’ pointing to the importance of intra-abdominal or visceral fat as predictor of fatty
liver*?®. Body fat distribution modulates fatty acid metabolism’ and upper-body obesity is
associated with an increased risk of IR, hyperlipidemia, NIDDM'® and with increased basal
FFA flux relative to lean tissue mass'®'. FFA are mobilized more rapidly from central (visceral)
than from subcutaneous fat and drain directly to the liver via the portal vein'®*.

Therefore NAFLD is associated with hyperinsulinemia and IR. This favors accumulation of
FFA in the liver by increasing peripheral lipolysis (mostly unsaturated fatty acids) and hepatic
uptake. Accumulation of fat in hepatocytes predispose to lipid peroxidation and oxidative
stress. This may in turn increase production of cytokines and further contribute to IR.

Oxidative Stress and Lipid Peroxidation (LP)

Oxidative stress is an imbalance between the production of ROS from LP and the antioxidant
defense status, leading to oxidative damage and inflammation of surrounding tissue. The
main substrate for LP is unsaturated fat.

Evidence for oxidative stress. Obesity and fatty liver are associated with oxidative stress. Obese
animal models showed increased LP products in plasma, LDL fraction, liver and/or urine'®*"'%.
Increased liver LP and breath ethane were also reported’”. Acute or chronic fat deposition in the
liver, regardless of cause, was associated with LP and the degree of LP increased with the
severity of steatosis’”. There are only a few human studies. Obesity was recently associated with
increased ROS generation by leukocytes and increased indices of oxidative damage to lipids and
proteins, when compared with normal subjects'”. A decrease in these indices was reported after
dietary restriction and weight loss'®®. Leptin, increased in obesity and NIDDM'"""'°, was also
associated with oxidative stress in endothelial cells and could activate NF-kB in an oxidant-
manner ''!. One study” showed an increase in oxidative stress in the liver of NASH patients.
Obesity is also associated with lower levels of serum antioxidants including vitamin E''*"'*,
beta-carotene' > and antioxidant enzymes such as catalase, superoxide dismutase and glutathione
peroxidase'"®. Others showed a decrease in antioxidant levels in obese adults''® and in obese
children''"""®. Alpha-tocopherol, alpha-tocopherol/circulating lipid, and beta-carotene were
significantly reduced in obese children''?. Antioxidant levels were determined in 4771 of the
6139 children participating in the NHANES III, 726 were obese. Plasma antioxidant levels (beta-
carotene and alpha-tocopherol) were significantly lower in obese children regardless of age or
gender''”. Obese children did not differ from normal-weight peers in dietary recall of intake of
foods rich in vitamin E or beta-carotene. This may suggest an increased consumption of
antioxidants to scavenge ROS produced from increased LP. Chronic LP, in turn, may exhaust the
antioxidant system and lead to reduction in antioxidant enzymes as well as antioxidant vitamins.
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Source of ROS. Macrovesicular steatosis arises from the increased mobilization and availability
of FFA, increased hepatic synthesis of FFA, increased esterification of FFA into triglyceride, and
decreased export of triglyceride from the liver’’. Microvesicular steatosis is associated with
impaired mitochondrial beta-oxidation’’. Regardless of the cause, steatosis will increase LP
because of the main substrate, unsaturated FA. The higher the degree of unsaturation, the higher
will be the risk of LP, because double-bonds are easily auto-oxidizable. The increased
concentration of FA within the liver can also saturate mitochondrial beta-oxidation, leading to
more oxidative stress. Hydrogen peroxide produced from LP can then be converted to highly
reactive hydroxyl radicals (ROS) in the presence of free iron''’, leading to more damage
especially if there is excess liver iron’. Another source of oxidative stress is cytochrome P450
CYP2E1'?, often upregulated in diabetes, obesity and NASH® and normally suppressed by
insulin'*'. This may initiate further LP'**'*. Induction of CYP2E! probably is not the only cause
of LP and oxidative stress in NASH and other pathways are likely implicated®**"'**12*,

Effect of oxidative stress. One end product of LP, malondialdehyde (MDA), can activate
hepatic stellate cells, stimulating collagen production and hence fibrosis’’. LP is an important
mechanism of hepatic stellate cell activation in vitro, resulting in increased pro-collagen-al
gene expression”*'?%, The association between LP and hepatic fibrosis has been shown for a
variety of liver diseases’”*">. MDA may also cross-link cytokeratins to form Mallory bodies.
Another end product, 4-hydroxynonenal, is strongly chemoattractant for neutrophils’’. MDA
and ROS may also activate NF-kB and cytokine production including TNFo and IL-87°",
Cytokines like IL-8"' elicit neutrophil chemotaxis. Cytokines also mediate hepatic
inflammation, apoptosis, cholestasis and fibrosis””'>’. ROS also induces the formation of
transforming growth factor beta (TGF-beta). TNF-alpha and TGF-beta cause caspase
activation and hepatocyte death’*"'". In addition, TGF-beta activates collagen synthesis by
stellate cells'* increasing fibrosis. It also activates tissue transglutaminase, which cross-links
cytoskeletal proteins, promoting the formation of Mallory’s hyaline.

NASH is also associated with mitochondrial abnormalities’. ROS can alter mitochondrial
DNA'* and react with mitochondrial proteins to inhibit the transfer of electrons along the
respiratory chain'**. Mitochondria produce then more ROS, and this may promote hepatocyte
death'*. In that study, mitochondria had a 50% reduction in cytochrome ¢ content and produced
ROS such as superoxide anion at a greater rate. Mitochondrial hydrogen peroxide generation
was also increased by 200% and the activities of antioxidant enzymes (catalase, glutathione
peroxidase, superoxide dismutase) were abnormal. ROS-mediated release of TNFa by
hepatocytes, Kupffer cells and adipose tissue™ also impaired mitochondrial respiration and
depleted mitochondrial cytochrome ¢'*’. Mitochondrial ROS promote progression from steatosis
to steatohepatitis and fibrosis by LP, cytokine induction and Fas ligand induction'®. It plays a
pivotal part in TNF-induced cell death'*”'*® by causing expression of the Fas ligand in
hepatocytes, which normally express the membrane receptor Fas '*.

Role of antioxidants. Oxidative stress is associated with lower antioxidant status. ROS consume
antioxidant enzymes*”"', glutathione'’” and vitamin E'">. In turn, depletion of antioxidants
hampers ROS inactivation, leading to further LP. Plasma total antioxidant status'**, plasma
vitamin E/triglyceride ratio'>, and antioxidants in fatty livers such as glutathione, tocopherol and
catalase'™* are lower in obese animals. Antioxidant levels in the liver could be corrected with
vitamin E and C supplementation'>* and was associated with improved survival. Vitamin E also
reduced LP and even reversed glucose-stimulated hyperinsulinemia'®. In rat models of liver
steatosis, treatment with various antioxidants decreased liver damage'>” "%,
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The effect of antioxidant in reducing inflammation is supported by in vitro studies where it
reduced inflammation by inhibiting NF-kB activation'™*'®. Vitamin E prevented NF-kB
activation'®' and reduced cytokine production and adhesion molecule expression' %, Vitamin
E inhibited TNFa induced NF-kB activation in human Jurkat T-cells'””. Vitamin E also inhibited
[L-1-mediated NF-kB activation in Caco-2 cell line'®. Glutathione disulfide, another
antioxidant, also inhibited the binding of activated NF-kB to its cognate DNA site'’’. In humans,
vitamin E was reported to decrease monocyte function'’' and decrease production of TNFa'”.
In humans, two pilot studies looked at the effect of antioxidant in patients with NASH. One was
an open-label study in 11 obese children (mean BMI 32.8, mean age 12.4 y). Vitamin E,
between 400 and 1200 IU per day for 4 to 10 months normalized AST, ALT and ALP **. No
liver biopsies were done. Another open-label study®* with vitamin E 300 IU/day over 1 year was
performed in 12 adults (BMI 29+1) with NASH diagnosed on liver biopsy. All patients had an
impaired glucose tolerance test and were hyperlipidemic. Over 6 months prior to the vitamin E
supplementation, there were no significant changes in liver enzymes with dietary therapy despite
significant weight loss. After 1 year of vitamin E supplementation 9 of the 12 patients had a
second liver biopsy reviewed “blindly”. In 6 NASH patients, steatosis was improved, and, in
five, inflammation and fibrosis were improved. None of the NASH patients had histological
worsening after vitamin E and none experienced any side effects from the supplementation or the
liver biopsy procedure. Plasma TGF-beta was also measured. It remained unchanged with the
dietary therapy but it was significantly reduced after the vitamin E treatment.

Role of PUFA: PUFA may be a major factor involved in the mechanism of liver steatosis (134).
PUFA, particularly those of the n-3 family can play pivotal roles as "fuel partitioners" (14). This
is achieved by long-chain PUFA (20:4n-6, 20:5n-3 and 22:6n-3) that are able 1) to direct FA
away from triacylglycerol storage, enhancing their oxidation, and 2) to direct glucose away from
FA synthesis, increasing its flux to glycogen (12,13, 135). This so-called fuel partitioning action
of PUFA requires both an adequate dietary supply of the 18:2n-6 and 18:3n-3 precursor FAs and
an optimal activity of the delta-5/delta-6 desaturases to synthesize longer chain PUFA in the liver
(12,13,135,136).

PUFA can also exert their beneficial effects by up-regulating the expression of genes encoding
proteins involved in FA oxidation while simultaneously down-regulating genes involved in lipid
synthesis. PUFA govern oxidative gene expression by activating the transcription factor PPAR-
alpha (13,17,135). This will lead to the increased secretion of apolipoprotein B-100 and VLDL
formation (18). Several animal studies showed that n-3 PUFAs can prevent and reverse steatosis
(7-10). One mechanism of action of n-3 PUFA is activation of PPAR-a and PPAR-y, which in
turn increases the production of various enzymes that break down fat (84,85,139). Fish oil also
inhibits a number of lipogenic enzymes (84,85,140).

Data in humans are very limited. One study suggests that regulation of PPAR- a genes in human
hepatocytes may be different than in rodent hepatocytes (144). There are no human studies in
NASH that have investigated the association between liver FA composition and gene expression.
Recent data generated with cDNA microarrays in animals confirm the effects of n-4 PUFA on
regulation of lipolytic and lipogenic gene expression as well as expression of genes involved in
pathways such as oxidative stress response and antioxidant capacity, cell proliferation, cell
growth and apoptosis, cell signaling and cell transduction (141).
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There is also strong evidence that fish oil, containing n-3 PUFA, has a greater effect than
safflower oil, containing n-6 PUFA, on the transcription of antioxidant genes, inflammatory
response and ROS production (23). One microarray study showed that hepatic NF-kB gene
expression was downregulated by the n-3 PUFA, docosahexaenoic acid (DHA) (142).
Unexpectedly, cDNA microarray studies also showed that n-3 PUFA also modulated the
expression of genes controlling cell proliferation, cell growth or apoptosis in normal tissues (23).
Therefore from these cDNA studies in animals, it is clear that n-3 PUFA, provided in fish oil,
modulates the expression of genes involved in lipid metabolism as well as other broad functions.

Other trials: Only a few open-label pilot studies with other compounds have been published in
patients with NASH. Rosiglitazone'”” given in 30 subjects improved ALT and insulin sensitivity
and reduced steatosis on CT imaging by week 24 (no liver biopsy). Metformin'™* given in 20
patients (500 mg tid x 4 months) improved insulin sensitivity and normalize ALT in 50% of
patients'’*. Liver volume on imaging was reduced by 20% (no liver biopsy). Troglitazone'”
given in 10 patients (400 mg/d for < 6 months) improved ALT in 7 but steatohepatitis persisted
on liver biopsy in all patients. This drug was discontinued because of reports of severe
hepatotoxicity'’*'””. Another study'’® evaluated ursodeoxycholic acid (UDCA) and clofibrate
given for 1 year. UDCA may have a cytoprotective effect and clofibrate may decrease hepatic
triglycerides. Twenty-four received UDCA (13-15mg/kg/d) and 16 with hypertriglyceridemia
were placed on clofibrate (2g/d). Six withdrew because of side effects and 4 because of non-
compliance. In UDCA group there was a significant decrease in ALT, AST, GGT and ALP as
well as histologic grading of steatosis but no change in inflammation or fibrosis. Those on
clofibrate showed no change in liver enzymes or histological grade of steatosis, inflammation or
fibrosis'’®. Finally, betaine'’’, a naturally occurring metabolite of choline, can raise S-
adenosylmethionine levels that may protect against triglyceride deposition and hepatic steatosis.
Ten patients received betaine (Cystadane) daily for 1 year. Seven completed the treatment. A
significant improvement in ALT and AST occurred. There was an improvement in steatosis,
necroinflammatory grade and stage of fibrosis after 1 year. Transitory GI side effects occurred in
4 patients. Serum triglyceride levels increased with betaine.

Microbiota Composition and NAFLD
The human gut contains at least 10'* microorganisms, collectively known as the microbiota. The
microbiota is dominated by anaerobic bacteria and includes =500 — 1000 species.

Factors influencing the intestinal microbiota (IM)

IM can be influenced by a combination of factors ranging from mode of delivery to dietary
habits and other host- and non-host associated factors ***** and is therefore characterized by
high inter-individual variability.**>*** For example, in regard to dietary habits, intake of cereal
fiber, pectin, fat, or protein affects the ability of different bacterial groups to thrive in the
gut.***** Whereas high fat intake results in higher numbers of anaerobes, increased protein
intake results in an enrichment of aerobic bacteria.®®  Other factors include previous
gastrointestinal surgery, antibiotics, bacterial infection, drinking water purity, food quality,
hygiene, climate, breastfeeding and exercise.””'*>> Therefore, IM can be influenced by several
host and non-host factors, and diet seems to be one of the most important determinants.”’>>*

Mechanisms linking IM and NAFLD

The following mechanism by which IM could influence obesity and related diseases are:

1) Increased energy extraction from food increasing energy provided to the host.>*2>

Version 8, 12-Jul-10 8



2) Obesity, diabetes and NAFLD are metabolic disorders characterized by insulin resistance and
low-grade systemic inflammation.”>”*® A growing body of evidence suggests bacterial
lipopolysaccharide (LPS = endotoxin), as well as high-fat diet, are triggering factors for the onset
of inflammation and insulin resistance. Mechanism: One important mediator of inflammation
and insulin resistance appears to be Toll-like receptor 4 (TLR4), which can be activated by free
fatty acids, especially saturated fatty acids, derived from high-fat diets.**% Another trigger for
TLR4 activation is LPS,*****® which could provide an explanation linking IM to obesity, insulin
resistance, DM2, and NAFLD. Fecal butyrate, a short-chain fatty acid and a product of bacterial
metabolism, is one of the factors involved in maintaining the integrity of the gut mucosa.***
Therefore, changes in IM composition can promote translocation of LPS by increasing
intestinal permeability, causing endotoxemia.”>>°201263-265266

3) An additional mechanism linking IM to NAFLD is through bacterial choline metabolism,
which could reduce choline bioavailablilty. Choline is a dietary component essential for normal
cell function **’. In humans, dietary choline deficiency leads to fatty liver,”**** and liver damage
due to inflammation and apoptosis.**”*’® The amount of choline and PC homeostasis could be
influenced by IM, as the conversion of choline into methylamines by IM reduces the
bioavailability of choline and mimics the effect of choline-deficient diets, causing NAFLD?*”'*"2,
No human studies looked at the effect of IM on choline metabolism in NAFLD.

Analysis of the Microbiome and Metagenome

Since the time of Pasteur and Koch, microbiologists have wanted to know three things about
microorganisms: who is there; how many are there; and what are they doing?*® The seminal
work of Koch (eg. anthrax) and Pasteur (eg. cholera) developed the notion that a bacterium must
be isolated as a pure clonal culture, and then inoculated into a healthy subject and only if the
disease was reproduced could the cause and effect between microorganisms and phenotype
(disease) be proven.”’ In the genomic age it is now possible to obtain a complete sequence of a
microorganism so that the relationships of an ordered set of genes can be studied to provide
insight into the structure and function of the proteome of the organism.® The genome sequence
for Bacillus anthracis and Vibrio cholera have now been completed and sequences of multiple
genomes (called comparative genomics) have provided important insight into the function of
these organisms (called functional genomics).”’ But even Pasteur and Koch realized that it was
not possible to isolate everything that could be seen under a microscope. It is known that less
than 1% of microorganism in the biosphere can be cultured.’® Further, it is well known that
microorganisms do not exist as axenic cultures in nature and most diseases are the result of
interactions between microorganisms.”> For example, periodontal disease is the result of
microbial biofilm activity in the periodontal pocket. Individuals with HIV infection often
develop Mycobacterium infections.”® Thus isolating an axenic culture by itself is not sufficient
to understand how microorganisms interact in health and disease.

With the advent of second generation sequencing technology (used in this grant) it is now
possible to obtain the sequence of the genomes, or mixed genomes of a microbial community.’’
This area of study is called metagenomics. Thus it is now possible to obtain the sequence of
genomes within the phylogenetic context of the microbiome. The phylogenetic context is usually
examined with conserved phylogenetic markers, the most common of which are 16S rDNA
genes. For example in obese individuals (a focus of this grant) it appears as if the phylum
Firmicutes is enriched. It is hypothesized that the Firmicutes have a higher percentage of
polysaccharide degrading bacteria that are enriched in comparison to the Bacteroidetes.”> The
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importance of the Firmicutes is not the only relationship we will pursue but it illustrates how we
will explore the functional relationships of the microbiome.

A more careful examination of the human gut microbiome reveals that the following
microorganisms are the major polysaccharide degrading Firmicutes: Roseburia intestinalis
(degrading xylan, starch), Roseburia inulinivorans (degrading inulin, starch), Ruminococcus
bromii (starch), Ruminococcus sp. nov. (cellulose, xylan), Eubacterium rectale (starch) and
Bifidobacterium spp.”® However, the major Bacteroidetes that are also polysaccharide degraders
are Bacteroides thetaiotaomicron (starch), Bacteroides ovatus (xylan, starch), and Bacteroides
cellulosilyticus (cellulose). Thus, it is not plausible to explain obesity as simply an increase in
Firmicutes vs. Bacteroidetes. It is more likely that there is a synergism between the
Bacteroidetes and Firmicutes and that there is a relative enrichment of the polysaccharide
degrades genes.”® In the current project we will explore the FUNCTIONAL diversity of the
microbiome’ . This is an important distinction from a purely phylogenetic evaluation because
we will evaluate the actual functional genes (eg. amylases, xylanases) to see if they are altered
in patients with SS or NASH compared to healthy controls. Thus in this particular example we
will bioinformatically identify genes associated with carbohydrate fermentation (glycosyl
hydrolases) and assign them to phyla.’’ Utilizing this approach we will be able to explore
potential relationships between disease phenotype and functional aspects of the microbiome and
possible relationships with hepatic gene expression. In term of virulence we will explore the
microbiome to identify specific virulence genes that are enriched in the gut. For example,
bacterial lipopolysaccharide (LPS) is associated with obesity and insulin resistance. When we
screen the metagenome we will generate for cell wall encoding genes that are important in
microbial cell wall synthesis and outer membrane protein production.

Summary

NASH is associated with obesity, diabetes and hyperlipidemia. Fat accumulation in the
liver is likely due to variable degrees of disordered fatty-acid metabolism and IR. Liver
steatosis (unsaturated fat) increases LP and is associated with a reduction in the
antioxidant defense system. This oxidative stress can lead to increased production of pro-
inflammatory cytokines (TNF-o, TGF-p) contributing to the development of steatohepatitis
and fibrosis. TNF-o may further contribute to IR. In addition, changes in FA composition
within the liver may influence lipid metabolism and inflammation. In particular, n-3 PUFA
have an effect on the insulin sensitivity, transcription of antioxidant genes, inflammatory
response and ROS production. Microbiota composition might influence energy
metabolism, and inflammatory tone and IR through increased endotoxemia and therefore
could also play a role in the development of NAFLD.

HYPOTHESIS AND OBJECTIVES

Hypothesis 1: Patients with NASH are more oxidatively stressed compared to those with simple
steatosis, minimal findings on biopsy and healthy control subjects with normal liver enzymes and
liver histology. This is associated with 1) increased liver lipid peroxidation and cytokines (TNF-
a and TGF-p), 2) increased unsaturated fat status (intake, tissue storage as measured in RBC,
liver), and 3) reduced antioxidant status.

Hypothesis 2: There is a difference in hepatic gene expression activity between patients with
NAFLD (SS+NASH) and healthy controls.
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Hypothesis 3: Hepatic gene expression is altered in high or low n-3 PUFA content in liver total
lipids of patients with non-alcoholic fatty liver disease (SS+NASH).

Hypothesis 4: Microbiota composition and the metagenome are different between patients with
non-alcoholic fatty liver disease (SS+NASH) and healthy controls. This is associated with
endotoxemia, changes in fecal butyrate and altered serum free choline and phospholipids in
blood and liver.

Objective 1: To assess oxidative stress and nutritional status in patients with elevated liver
enzymes who were found to have either simple steatosis or NASH or normal histological
findings on liver biopsy by measuring liver lipid peroxides and TNF-alpha, liver pathology and
immunohistochemistry (adducts of MDA, a product of lipid peroxides, alpha-smooth muscle
actin (a-SMA), a marker of hepatic stellate cell activation; and transforming growth factor
(TGF-p), a profibrogenic cytokine involved in fibrogenesis), AST, ALT, ALP, liver and red
blood cell membrane fatty composition, IR parameters, plasma lipid peroxides, plasma
antioxidant vitamins and antioxidant power, fasting glucose, HbAlc, lipid profile, subject
demographics, medical history and medication use. In addition, nutritional data will include: (1)
7-day food record, variety and pattern; (2) anthropometry measurements. These measurements
will be compared with healthy control subjects (healthy liver donors).

Objective 2: To detect differences in hepatic gene expression in patients with NAFLD
(SS+NASH) and healthy controls using cDNA microarrays. Gene expression activity across the
groups will be assessed by comparing average expression ratios of each group.

Objective 3: To determine in patients with non-alcoholic fatty liver disease (SS+NASH)
whether there is an association between hepatic n-3 PUFA content and gene expression. For this,
patients with low (n-3 PUFA =< 0.7%) versus higher PUFA (n-3 PUFA >0.7%) content will be
compared.

Objective 4: To determine microbiota composition and intestinal microbiome (metagenome) in
patients with NAFLD (SS+NASH) compared to healthy controls. We will also measure
parameters related to IM, i.e. fecal butyrate concentration, endotoxin and bacterial DNA in
plasma, serum free choline and PC/PE ratio in RBC and liver. An environmental questionnaire
will assess possible host-factors influencing IM composition.

RESEARCH DESIGN AND METHODS

Subjects: Adult ambulatory subjects with suspected NAFLD, referred for a diagnostic liver
biopsy because of altered transaminase and/or hepatomegaly, as well as healthy controls from the
Living Donor Program for liver transplant recipients will be approached for the study. At the
time of biopsy or surgery for healthy liver donors, a portion of the tissue will be snap-frozen in
liquid nitrogen and stored in a —70 C freezer for measurement of hepatic gene expression, LP and
fatty acid composition. Another portion will be fixed in 1% formaldehyde for routine histologic
examination and immunohistochemistry staining by the Department of Pathology (Dr. M.
Guindi). Other biochemical and nutritional parameters will then be measured.

Inclusion criteria:

a) Male and female patients, age >18 y

b) A liver biopsy with moderate to severe steatosis, either with absent or mild inflammatory
infiltrate and/or fibrosis is defined as simple steatosis; moderate-gross macrovesicular fatty
degeneration with inflammation (lobular or portal), with or without Mallory bodies, hepatocyte
damage and/or fibrosis is defined as NASH'®'®* (see tables 1 and 2)

OR

No signs of steatosis, fibrosis or any other kind of liver disease on histology (minimal findings)
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OR

For healthy control subjects, those with normal liver enzymes and normal liver imaging on
ultrasound

c¢) convincing evidence of negligible alcohol consumption (<20g of ethanol per day) obtained
from a detailed history, confirmed by at least one close relative; ¢) absence of any other possible
cause for liver dysfunction.

Exclusion criteria:

a). Findings highly suggestive of liver disease of other etiology diagnosed as per routine medical
investigation described under “general assessment”. (eg: chronic viral hepatitis, auto-immune
chronic hepatitis, primary biliary cirrhosis and genetic liver diseases such as hemochromatosis,
alpha-1 antitrypsine deficiency, Wilson’s disease and biliary obstruction).

b). anticipated need for liver transplantation in one year or complications of liver disease such as
recurrent variceal bleeding, spontaneous portosystemic encephalopathy, resistant ascites or
bacterial peritonitis;

c¢) concurrent medical illnesses contraindicating a liver biopsy: history of unexplained bleeding,
hemophilia or abnormal coagulation results as per routine laboratory work-up or other reasons
judged by the hepatologist to contraindicate a percutaneous liver biopsy.

d) chronic gastrointestinal diseases, previous gastrointestinal surgery modifying the anatomy,
patients with diabetes requiring insulin.

e) medications known to precipitate steatohepatitis (corticosteroids, high dose estrogens,
methotrexate, amiodarone, calcium channel blockers, spironolactone, sulfasalazine, naproxen or
oxacillin) or regular intake of non-steroidal anti-inflammatory drugs, use of ursodeoxycholic acid
or any experimental drug in the 6 months prior to entry.

f) regular intake of antioxidant vitamins, or omega-3/fish oil supplements, prebiotics, probiotics,
antibiotics, or laxatives; in the 6 months prior to study entry

g) Pregnant or lactating

Procedures

General Assessment

All patients referred for abnormal liver enzymes will be assessed as per standard medical
practice with thorough clinical history, physical examination and abdominal ultrasound. Liver
disease of other etiology will be excluded. Standard laboratory investigation will be performed as
medically indicated: total protein, albumin, aspartate transaminase (AST), alanine transaminase
(ALT), y-glutamyl-transferase (GGT), alkaline phosphatase (ALP), total serum bilirubin,
hepatitis B and C serologies, antinuclear antibodies, anti-smooth muscle antibodies, anti-
mitochondrial antibodies, iron levels, total iron binding capacities, ferritin levels, a-1 antitrypsin
phenotypes and ceruloplasmin. When the timing is appropriate, the patient will undergo a
percutaneous liver biopsy for diagnostic purposes. Healthy living donors are considered as
control group for this study and are enrolled from the transplant clinic. Liver tissue will be
obtained per-operatively at the time of the right hepatectomy (for healthy controls). Adequate
tissue from a liver biopsy is found in almost all cases (99.8%) with a mean tissue length of 3.2
cm and overall complication rate requiring hospitalizations reported to be around 0.6%'™.
Performed by experienced hepatologist, complications are < 1/5000 and mortality < 1/12 000 '**,
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After meeting the entry criteria and consenting to the study, baseline demographics and medical
information will be recorded such as age, gender, medical history including diagnosis of diabetes
and hyperlipidemia, alcohol intake, and drug regimen. If the patient is a smoker, the number of
cigarettes smoked per day will be recorded at the same time as the food record. Instructions will
be given on how to keep the food records and anthropometry measurements will be performed.
Blood biochemistry will be done for AST, ALT, ALP, GGT, triglyceride, cholesterol, fasting
glucose, HbAlc, lipid peroxides, antioxidant vitamins, antioxidant status and power and
plasma/RBC fatty acid composition. C-peptide and insulin levels to assess IR (along with fasting
glucose). These tests are standard or performed in Dr. Allard’s laboratory (see appendix &
Feasibility).

Liver tissue assessment.

Pathology: Biopsy sections will be stained with hematoxylin and eosin for morphologic
evaluation and Prussian Blue stain to rule out iron loading. These are standard techniques. The
histological evaluation will be performed by Dr. Guindi. Immunohistochemistry: This will be
carried out using the formalin-fixed, paraffin-embedded sections, under Dr. M. Guindi’s
supervision. Immunochemistry is part of standard pathology laboratory techniques (see
Feasibility). For adducts of MDA, a product of LP, monospecific antiserum to MDA-lysine
adducts will be used as described previously'®'**. For a-SMA, a marker of hepatic stellate cell
activation, a mouse monoclonal anti-a-SMA antibody (clone 1A4;Sigma Chemical Company,
St-Louis, MO, USA) will be used as previously described'®. For TGF-B, a profibrogenic
cytokine involved in fibrogenesis, sections will be stained with an anti-TGF-f1,2,3 monoclonal
antibody (Genzyme Corporation, Cambridge, MA, USA) also previously described '*°. TGF- is
also measured because, in addition to lipid peroxides, it may stimulate and sustain fibrogenesis
by activating the lipocytes’”!. For MDA, a-SMA and TGF-p staining, a validated semi-
quantitative scoring system previously described will be used'*>"”. These techniques have been
used in liver biopsies of patients with NASH with varying degrees of steatosis'~. In this study,
steatosis was associated with LP within zone 3 hepatocytes and with acinar inflammation. Alpha-
SMA expression was associated with both LP and fibrosis.

Lipid peroxides in the liver: Liver biopsies will be stored at -70 C until analysis. Tissue samples
will then be thawed, weighed and homogenized with ten fold (v/w) ice-cooled HCl-tris buffer at
PH 7.4. Butylated hydroxytoluene (5SmM) will be added to prevent ex-vivo lipid peroxidation.
The suspension will then be centrifuged and the supernatant will be analysed using a
commercially available kit (Oxis international, Portland, USA) which measures free MDA and 4-
hydroxyalkenals. This technique is used in Dr. Allard’s laboratory (see Feasibility, table 3).
TNF-a in the liver: Hepatic tissue will be homogenized in 10 volume of 0.01 M PBS pH 7.4 for
1 minute in an ice-cold water bath. The homogenate will then be centrifuged at 10,000 g at 4
degree C for 30 min. The final supernatant will be analyzed for TNF-a by ELISA (R&D System
Inc, Minn). This technique is used in Dr. Allard’s laboratory (see Feasibility, table 3).
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Liver fatty acid composition: Liver fatty acids will be extracted into chloroform/methanol (2:1,
vol/vol), containing BHT as an antioxidant and dried under nitrogen gas according to methods
previously published and modified*'**'* Fatty acid methyl esters will then be separated using a
gas chromatograph equipped with a flame ionization detector and a 100-mm x 0.25 mm (0.2- um
coating) SP2560 fused silica column. The temperature will be programmed as described
previously”'**">.  Forty-three peaks will be identified from C12:0 to C 22:6 w-3. Fatty acid
composition was measured previously in our laboratory*'®(see Appendix). This measurement
also mirrors the fatty acid pattern of the diet over several weeks preceding the analysis®'"*'®. In
secondary analysis, results will be correlated with the markers of oxidative stress and gene
expression.

Microarray / Gene expression

Portion of the liver biopsies (20-30 mg required) (193) will be immersed in RNAlater (Qiagen
Mississauga, ON) and total RNA will be extracted by modified Trizol method as described
previously (194). Two micrograms of total RNA from each biopsy specimen or from Universal
Human Reference RNA (Stratagene, La Jolla, CA) will be amplified using the MessageAmp
aRNA kit (Ambion, Austin, TX). Previous work from Dr. McGilvray lab indicated the gene
expression profiles from amplified RNA have a good correlation with those developed from
nonamplified RNA (194). Human single spot microarrays comprising 19 000 human clones will
be used (UHN Microarray Center; http://www.microarray.ca/support/glists.html) which include
genes involved in lipid metabolism including desaturases enzymes, oxidative stress,
inflammation and fibrosis pathways and liver diseases (see examples in table 3). For each array,
5 ug of liver amplified RNA will be compared with 5 ug of amplified reference RNA. During
reverse transcription, liver complementary DNA will be labeled with Cy5 and reference cDNA
with Cy3 (193). Hybridization will be performed overnight at 37°C (DIGEasy; Roche
Diagnostics, GmbH, Mannheim, Germany). Arrays will be read by GenePix 4000A laser scanner
and quantified with GenePix Pro software (Axon Instruments, Union City, CA). Microarray data
will be normalized using an R-based, intensity-dependent LOWESS scatter plot smoother (http://
142.150.56.35/~LiverArrayProject/home.html) (195-197).

In order to verify microarray data, two-step real time PCR will be performed after reverse
transcription of 5 ug of amplified RNA with 5 ug pd(N)6-random hexamer primer (Amersham,
Oakville, Ontario). The resulting complementary DNA will be used as a template for real-time
PCR quantification with the Quantitect SYBR PCR Kit (Qiagen), and real time PCR (normalized
to beta-actin) will be performed using the DNA Engine Opticon 2 cycler (MJ Research, Reno,
NV). For designing gene-specific primers, Primer 3 on-line free software will be used
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3.cgi/).

Nutritional Assessment.

Anthropometry. Weight and height will be measured to calculate BMI. Obesity is defined as BMI
>30 kg/m’, a cut-off which represents more than 120% of ideal body weight. Right upper arm
circumference will be measured. Triceps, subscapular and supra-iliac (above the iliac crest) and
waist skinfold (mm) will be measured to the nearest mm using Lange skinfold calipers. Waist to
hip ratio will also be measured. From these measurements, mid-arm circumference, arm muscle
area and total body fat will be calculated and expressed as percentiles of normal published
values'®*. These anthropometric techniques were used previously by our group'® (see
appendix and feasibility, table 3).
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Food intake: Food records will be kept for 7 days to control for potential differences in ingestion
of different levels of dietary antioxidants between the 2 groups and different fat intake, all this
influencing markers of lipid peroxidation and possibly inflammation. For food records, the
subjects eat their regular meals and itemize the fraction (to the nearest %) of portions of food
consumed and record it on a standardized form collected by the nutritionist. The data will be
analyzed using Minnesota Nutrition Data System, version 4.0 (Minneapolis, MN). Dietary
variety within food groups and intake pattern will also be assessed according to the technique
described'*®. We have used food record techniques in several of our studies including for
micronutrients’’’*"". These techniques were found to be valid and reliable for use in clinical
studies’” (see appendix).

Oxidative stress assessment (used by Dr Allard, Appendix, Feasibility, Table 3).

Plasma lipid peroxides: Blood will be collected in EDTA-containing vacutainers and plasma will
be separated by centrifuging at 2400 rpm for 10 min. Plasma lipid peroxides will be assessed
using a commercially available kit (Oxis international, Portland, USA).

Plasma Antioxidant vitamins: Blood will be collected in EDTA-containing tube and centrifuged
promptly. Plasma will be removed and frozen at -70 C for future assays. For vitamin C, plasma
will be stabilized immediately with 100 g/L metaphosphoric acid (1:1) prior to freezing and later
analysed by spectrophotometry®””. Alpha- and gamma-tocopherol*** and beta-carotene®”” will be
analysed by HPLC and fluorescence spectrophotometry.

Plasma antioxidant power: This will be assessed by a commercially available kit (Oxis Research,
Portland, USA)**. Assay is based upon the reduction of Cu++ to Cu+ by the combined action of
all antioxidants present in the sample. A standard of known uric acid (a water soluble anti-
oxidant) concentration is used to create a calibration curve. The results are then expressed either
as “mM uric acid equivalents” or as “uM copper reducing equivalents™*"’.

Fatty-acid and Insulin Resistance (IR) assessment (used by Dr. Allard, Feasibility, Table 3,
Appendix)

Insulin resistance (IR): Insulin levels will be measured using an immunoenzymometric assay
(MEIA, Abbott Diagnostis, IL). C-peptide will be measured using a double antibody competitive
radioimmunoassay (Diagnostic Products Corp, CA). First, IR will be measured indirectly as
described by Dixon®®” using the homeostasis model assessment (HOMA)** *'°. This is a
validated method of estimating IR and beta-islet cell function using the fasting plasma glucose
and C-peptide measures. Secondly, a quantitative insulin sensitivity check index (QUICKI)*"
based on the log transformed insulin-glucose product will be used. This index correlates well
with the hyperinsulinemic euglycemic clamp and therefore its reverse is a good indirect measure
of IR: IR index = {(log insulin) + (log fasting plasma glucose)} = 1/QUICKI. These methods
showed significant differences in IR index, insulin sensitivity (HOMA%S) and beta cell function
(HOMA%B) between NASH and simple steatosis™"*.
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Red blood cell and plasma fatty acid composition: Red cell membrane and plasma fatty acids
will be extracted into chloroform/methanol (2:1, vol/vol), containing BHT as an antioxidant and
dried under nitrogen gas according to methods previously published and modified*'**'* The
residue then dissolved in 0.1 mL chloroform is applied to silica gel thin-layer plates to separate
the phospholipid, cholesterol, triglyceride and free fatty acid bands. Each band will then be
scrapped and transmethylated with boron trifluoride-methanol at 90 C for 30 min. Fatty acid
methyl esters will then be separated using a gas chromatograph equipped with a flame ionization
detector and a 100-mm x 0.25 mm (0.2- um coating) SP2560 fused silica column. The
temperature will be programmed as described previously”'**">. Forty-three peaks will be
identified from C12:0 to C 22:6 w-3. Fatty acid composition was measured previously in our
laboratory*'°(see Appendix). This measurement also mirrors the fatty acid pattern of the diet
over several weeks preceding the analysis®'"*'®,
Free choline in serum: Blood will be collected in serum tubes without anticoagulant. Tubes will
be inverted to mix and put immediately on ice and then centrifuged 10 min, 2000g at 4°C to
separate serum. Aliquots (0.5 mL) will be stored at -80°C until analysis, which will be done by
our collaborator (K. da Costa, University of North Caroline, Chapel Hill). Choline will be
extracted from serum by the method of Bligh and Dyer,**' and separated and quantified directly
using liquid chromatography/electrospray ionization-isotope dilution mass spectrometry (LC/ESI-
IDMS) after addition of an internal standard labeled with stable isotopes to correct for

242
recovery.

Plasma endotoxin: Plasma samples will be diluted to 10% with endotoxin-free water and then
were heated to 85°C for 12 min to inactivate inhibitory plasma proteins. Endotoxin concentration
will be measured using a commercially available endpoint limulus amebocyte lysate assay
(Charles River) for a concentration range of 0—1200 endotoxin units/L.>”

Bacterial DNA in plasma: DNA will be extracted from 200 pL of plasma using the DNeasy
Blood and Tissue Kit (Qiagen), according to the manufacturer's instructions. Quantitative
polymerase chain reaction (PCR) for measurement of bacterial 16S rDNA will be performed.*”
Bacterial 16S rDNA in plasma will be measured in addition to endotoxin, as the commercially
available kit for plasma LPS “has greater interassay variability than does the bacterial 16S rDNA
assay (25% vs. 10%)”.27

IM composition and short-chain fatty acids in stool samples (Drs. Allard, Comelli, Krause)
Samples will be collected at the time of liver biopsy or hepatectomy. At enrolment, participants
receive a stool collection kit, including a plastic collection/storage container with a tightly
closing lid, an insulated bag and cooling elements. They will collect one stool sample within 24
hours of the biopsy/hepatectomy appointment. The stool will be frozen immediately after
defecation in the patient’s home freezer. Patients will bring the frozen sample in the insulated
bag with cooling elements to their appointment at the hospital, where it will stored at -80°C until
analysis. This method of stool collection has been used in a study to establish a human gut
microbial gene catalogue by metagenomic sequencing, which was published in Nature'®” and is
acceptable to the patients.

Microbial composition and metagenome analysis: DNA will be extracted with standard
methodology and checked for quality as described previously.'®® To obtain microbial
composition data the V1 to V4 region of the 16S rDNA will be amplified with conserved
barcoded primers.'®® In our laboratory (Krause) we have validated the use of 40 pairs of
barcoded primers that represent a balance between obtaining adequate coverage and cost.
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Sequences will subsequently be sorted using a custom Perl script and analyzed bioinformatically
(see Analysis Plan specifically for Intestinal Microbiota and related parameters). Using
multivariate and hypothesis testing approaches samples will be clustered into groups with the
greatest similarity. We anticipate/budget that we will generate approximately 20 such groups.
The metagenome will then be sequenced using pyrosequencing technology. Currently we
(Krause lab) need approximately 4 Gbp of sequence to get reasonable coverage of a
metagenome. Bioinformatic analysis will be as described below.
Quantification of microbial groups of special interest: Specific microbial groups that appear to

be different between patients and controls according to the pyrosequencing results will be
analyzed by real-time quantitative PCR. It is feasible to quantify 20 organisms and groups in
approximately half of the samples by PCR. The selection will be based on the greatest
differences on pyrosequencing. We will perform primer design based on the sequence data
generated in the sequencing phase of the study. Groups that are expected to be of special interest

are listed below:

Group Reference Group Reference
Eubacteria (total counts) | Furet etal.” Roseburia Adapted from Belenguer et al.”™
Firmicutes (phylum) Adap1t9ezd from Haakensen Enterobacteriaceae Adapted from Matsuda et al.”™
et al.
Clostridia, cluster IV Adapted from Song etal.”™* | Mollicutes Adapted from Schwiertz et al.™
(Eubacterium)

Clostridia, cluster XIV

194

Adapted from Song et al.

Bacteroides/Prevotella

Furet et al. *

Clostridia, cluster IX

194

Adapted from Song et al.

Archaea (M. smithii)

Adapted from Palmer et al. "°

Lactobacilli

Haarman and Knol™’

F. prausnitzii (species)

Adapted fr. Ramirez-Farias et al.™"

Bifidobacteria

Furet et al.”

We will use the extracted fecal DNA together with the TagMan Gene Expression Master Mix
and specific TagMan primers-MGB (Minor Groove Binder) probe sets (Applied Biosystems).
Primers are designed to amplify 16S rDNA for the following groups/genera of gut
microorganisms: Firmicutes, Clostridia clusters IV, IX and XIV, Lactobacilli, Bifidobacteria,
Roseburia, Enterobacteriaceae, Mollicutes, Bacteroides, Archaea, Eubacteria, and F. prausnitzii,
as well as total counts. Primers and probe sets to be used are, or will be adapted from, those
available in the literature (7able 5). Assays will be run in triplicate using a 7900HT thermocycler
with a 384 wells block (Applied Biosystems). Number of cells of each microorganism in fecal
samples will be calculated by interpolation from previously constructed standard curves
(obtained from ten-fold serial dilutions of known quantities of bacterial DNA)'*’ using the SDS
software version 2.3 (Applied Biosystems). Numbers of bacteria will be expressed by g of feces
(dry weight). These measurements will be performed in Dr. Comelli’s lab.

Environmental Questionnaire: Participants will be asked to fill out a questionnaire to assess
environmental factors that could influence IM, including: place of birth, ethnic/cultural
background, breastfeeding as infant, allergies, gastrointestinal diseases and abdominal surgery,
use of antibiotics or laxatives, consumption of pre- and probiotics, international travel, and pets.
Food intake and physical activity, which might also influence IM composition are recorded

separately.

Statistical analysis and sample size
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Comparison among groups will be made using One-way ANOVA with Bonferroni corrections to
control for multiple comparisons or Wilcoxon-Signed Rank test as appropriate. Proportions will
be tested using Fisher’s exact test. Pearson correlations will also be performed between various
variables. A non-parametric version of a Welch’s based t-test will also be used in examining
differences between means of gene expressions on paired basis as follows SS/NASH, SS/healthy
controls, NASH/healthy controls. In patients with non-alcoholic fatty liver disease (SS+NASH) a
comparison of those with low hepatic n-3 PUFA (=< 0.7%) to those with high n-3 PUFA (> 0.7%)
content will be made. Comparison will be performed by using unpaired t test or Wilcoxon test, as
appropriate. Associations between hepatic FA composition, gene expressions and liver histology
will also be determined using the R package ‘globaltest’(213).

Sample size was estimated initially to be 50 patients with simple steatosis and 50 patients with
NASH based on previous studies performed in this population®”**'***°.  Currently, 100 patients
have consented and 38 were found to have NASH, 20 with simple steatosis and 17 with minimal
findings on biopsy. Because gene expression was not done in these subjects, an additional 30
patients with SS and 30 with NASH is required for this study. Thirty healthy liver donors will
also be included as healthy controls. A test will be considered statistically significant for those p-
values<0.05. Statistics will be performed using SPSS package.

Analysis Plan specifically for Intestinal Microbiota and related parameters

(a) We will first examine all data visually via graphics/ plots along with a descriptive summary
for each measurement variable in each experiment. Unusual data points such as values below the
range limit or missing points will be re-examined. Univariate analysis will be performed for all
measurement variables. Skewness and other departures from normality will be reviewed, and the
variations across time points will also be examined.

Methods of statistical analysis to be used include analysis of variance (ANOVA), t-test,
correlation analysis (e.g. Pearson's product-moment method), and multiple regression, where
outcome variables are continuous. When using tests that depend on the normality assumption,
such as t-test and F-test ANOVA, the validity of this assumption will be examined carefully.
When group variances vary significantly across time points, data transformations (e.g. Box-Cox
formula) will be applied prior to the analysis. In situations where departures from normality are
evident, nonparametric methods (e.g. Kruskal-Wallis test, and Spearman's rank-order measures
for correlation coefficients) will be used to summarize and analyze the data. When
categorical/binary outcomes are considered, chi-square test, Fisher’s exact test, and logistic
regression (incl. proportional odds and continuation ratio models) will be employed. When
multiple variables are considered simultaneously (e.g. befidobacteria in relation to duration of
intervention and improvement of liver steatosis (yes/no)), main effects and interactions between
factors will be tested via regression models.

For all analyses, the Type I error will be set to 5%, i.e. alpha=0.05, for all calculations of
confidence intervals and for performing the various hypothesis-testing procedures. Model
diagnostic tools and cross-validation methods®*’ will be considered for model assessment.
Statistical analyses will be carried out using the statistical software packages SAS Version 9.2,
and R Version 2.11.

(b) Specifically, to assess the link between intestinal microbiome and disease, the following
analyses will be performed:

To account for the correlations between measures taken from the same subject (at baseline, 6
months and 12 months), generalized linear mixed models, including the generalized estimating
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equations approach, will be employed to examine the group difference over the 12-month
intervention period in outcomes, such as the number of Bifidobacteria in stools and other IM
compositions. Correlations between changes in IM and liver inflammation (via biopsies at
months 0 and 12) will be investigated using the mixed model approach to incorporate variables
such as age, gender, and BMI, etc. Where applicable, suitable variance-covariance structures will
be explored, and model assessments will be determined by, for example, the Akaike Information
Criteria (AIC) and other related criteria (SBC, CAIC).

Analysis Plan specifically for Intestinal Microbiota and related parameters
(a) We will first examine all data visually via graphics/ plots along with a descriptive summary
for each measurement variable in each experiment. Unusual data points such as values below the
range limit or missing points will be re-examined. Univariate analysis will be performed for all
measurement variables within groups. Skewness and other departures from normality will be
reviewed, and the variations across groups will also be examined. Hypotheses will be tested
using the statistical methods given below.
Methods of statistical analysis to be used include analysis of variance (ANOVA), t-test,
correlation analysis (e.g. Pearson's product-moment method), and multiple regression, where
outcome variables are continuous (e.g. ratio of Firmicutes to Bacteroidetes (F/B), HbAlc). When
using tests that depend on the normality assumption, such as t-test and F-test ANOVA, the
validity of this assumption will be examined carefully. When group variances vary significantly
across groups, data transformations (e.g. Box-Cox formula) will be applied prior to the analysis
(such as ANOVA for AST in SS/NASH vs. controls). In situations where departures from
normality are evident, nonparametric methods (e.g. Kruskal-Wallis test, and Spearman's rank-
order measures) for correlation coefficients will be used to summarize and analyze the data.
When categorical/binary outcomes are considered, chi-square test, Fisher’s exact test, and
logistic regression (incl. proportional odds and continuation ratio models) will be employed to
examine, for example, the relationship between BMI (normal/overweight/obese) and groups
(control/SS/NASH). When multiple variables are considered simultaneously main effects and
interactions between factors will be tested via regression models.
For comparisons across groups, analysis of variance will first be performed, and if the null
hypothesis is rejected, multiple range tests (e.g. Scheffe's, Least Significant Difference, and
Newman-Keuls methods) will be conducted to identify significant differences between groups.
For all analyses, the Type I error will be set to 5%, i.e. alpha=0.05, for all calculations of
confidence intervals and for performing the various hypothesis-testing procedures. Model
diagnostic tools and cross-validation methods®” will be considered for model assessment.
Statistical analyses will be carried out using the statistical software packages SAS Version 9.2,
and R Version 2.11.
(b) Specifically, to assess the link between intestinal microbiome and NAFLD, the following
analyses will be performed:
Analysis of Variance and the Krusal-Wallis test, when applicable, will be used to compare F/B,
and other IM-related measures, between groups (SS/NASH/Control). If the null hypothesis is
rejected, pair wise comparisons will be employed to determine specific groups’ differences,
while using the Tukey-Kramer method for adjusting multiple comparisons. The relationship of
an outcome variable, e.g. abundance of Firmicutes, with other variables such as age, gender,
BMI and others, will be investigated using multiple regression methods. For metagenomics data,
category-based clustering of the functions from each microbiome will be performed using
principal component analysis (PCA) and hierarchical clustering.>°
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Bootstrap analyses will be used to identify metabolic pathways that were enriched or depleted in
the microbiome-derived sequence bins.””” (More details are given under Data Mining).

Characterization of the Intestinal Microbiome

The analysis of the microbiome in this project will produce complex data that must be integrated
at various levels, for example microbial composition, disease and confounding factors such as
BMI and diet. Furthermore, the data generated from microbiome data is vast and there are
challenges with data analysis that can only be conducted using a Unix platform which we will
use. Drs Krause & Stothard have extensive experience with working with large volumes of data.
To develop the association between microbiome and the other variables, a biphasic approach
will be followed; a data -mining phase and a hypothesis testing phase (see Figure)

Multi-step approach for microbiome analysis

Sequencing Data Mining Hypothesis testing
-Convert sequence to -Multivariate (incl. -Association (via
categorical data 9 bootstrap) analysis _> regression) of
-Validate categories to define microbiome specific taxa or
(Categoy-based by disease phenotye genes with disease
clustering via PCA) clusters phenotype

\ Y )

Comparative analysis
-Mixed models,Median analysis, etc.

Data mining: This is a multivariate statistical approach used to associate data into groups.
Clustering methods do not use predefined groups but other approaches use predefined groups;
we will use and evaluate both. For example we will use association rule learning to explore the
association between diet (high vs. low omega 3) and the microbiome. For instance the rule
{NASH, omega 3 fatty acids} ==> {Bacteroidetes} indicates that if an individual has NASH and
consumes a high omega 3 diet, then the likelihood of having high numbers of Bacteroidetes in
the gut are good. To use this approach we will convert microbiome 16S rDNA phylogenetic data
into categorical data. Categories will be defined as microbial taxons.

A key part of the data mining analysis is to identify groups of subjects that will be sequenced to
obtain the metagenome. Cluster analysis of the microbiome will cluster subjects into groups that
have the most similar microbiome. We will for example explore the relationships between diet
and various families of glycosyl hydorolases (GH = carbohydrate degrading enzymes) and in this
example the gene frequency data of GH families in the metagenome will be analyzed as above.
For example, { NAFLD, omega 3 } ==> {Family IV GH} suggests that if one has NAFLD and
you consume a high omega 3 diet then the likelihood that you have a high prevalence of genes in
Family IV GH is high. This can then be expanded to the form {NAFLD, NASH} ==>
{Bacteroidetes, Family IV GH } which indicates that Family IV GH systems from Bacteroidetes
are the most significant.

Once data mining is complete, hypothesis testing proceeds and specific association are tested
using robust statistical models. This is an important procedure because multivariate analyses
often over-fit the data. We will use R, an open source programming language for statistics that is
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highly scalable. For example, we will explore ANOVA type models to statistically test the
association between Bacteroidetes (B), having NAFLD (N), NASH (SH) and Family IV GH (IV)
genes. One approach is to use logistic regression analysis to define which variable should be in
the model. The model B = NA+SH+IV may only account for 50% of the variation with a P-
value of 0.08, and a reduced model without NASH may account for 83% of the variation and
have a P-value of 0.001. This association also indicates that genes that encode Family IV GH
from Bacteroidetes are statistically associated with NAFLD without NASH (i.e. only SS).

One of the statistical challenges is that microbiome data is not normally distributed and it is
difficult to analyze. Because microbiome analysis is a fairly new area we will explore alternative
analytical techniques. For instance we (Krause lab) have a full-time post-doctoral scientist
working on developing Markov-Chain Monte Carlo (MCMC) methods for categorical
microbiome data. MCMC are one way of solving the problem with defining a statistical
distribution, the long tail in microbiome data, and low incidence data (lots of 1’s and O’s).
Specific bioinformatic analyses: Reads from metagenomic sequencing of pooled DNA
(separate pools for each disease state and healthy individuals) will be filtered and trimmed, and
the reads of each pool will be assembled into contigs using existing tools such as EULER,*’ to
facilitate open reading frame (ORF) identification. ORFs will be predicted using MetaGene.*'
To speed up subsequent annotation, ORFs appearing to represent the same gene (based on
stringent identity and overlap criteria) will be grouped, and the longest representative will be
translated and annotated. The number of reads in each ORF group will be recorded for each
sample, for use in the statistical comparisons described below. Annotation will involve assigning
a functional class, pathway membership (i.e. which metabolic and signaling pathways include
the protein), and source taxonomy (e.g. source species) whenever possible. Functional
classification and pathway membership will be predicted using BLASTP** and the eggNOG
database.”> Source taxonomy will be predicted using BLASTN,** MEGAN, *** and a subset of
GenBank consisting of taxonomically assigned bacterial sequences, including all fully sequenced
bacterial genomes. ORFs missing annotations at this stage will be subjected to a more
computationally intensive analysis procedure involving more diverse databases (including, for
example, all known phage proteins) and more sensitive comparison methods, such as PSI-
BLAST>? and HMMER.”® The abundance of each functional class, pathway, and taxonomic
group will then be compared between each disease state metagenome and the healthy
metagenome, using the statistical methods implemented in STAMP>® and Metastats.”>’ We
expect any taxonomic differences detected using this approach to be consistent with those found
using 16S. Primers will be designed to target specific genes or gene groups identified by the 16S
rDNA or metagenomic analysis as differing among individuals or pools, and quantitative real-
time PCR will be used to validate the findings.

All metagenomics data and metadata will be collected and formatted according to the minimum
information about a genome sequence (MIGS) specification recommended by the Genomic
Standards Consortium.>® All sequence analysis will be performed using command-line tools
installed on a 64-processor Linux cluster. Although web-based metagenomics tools are available,
these are not practical for large datasets or large numbers of samples, as transferring the massive
data sets can be problematic, full control over methods and parameters is not available (for
example, the comparison databases may be updated without warning), and analyses are not
easily automated using scripts. The pipeline created through this work can be updated as new
tools and methods are developed, and will be available for future work dealing with additional
samples.
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Interaction maps: In addition we are planning to construct interaction maps between hepatic
gene expression and IM composition as well as between hepatic gene expression and
metagenome.
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Feasibility and Organizational Structure of the Research Group.

Feasibility(Tables 3,4, Appendix)

Enrolment: At least 130 patients with NAFLD (include simple steatosis and NASH) and 90
patients with NASH are diagnosed every year. Based on a previous study with UDCA, it is
estimated that 50-75% of the patients screened for the study can be recruited: 50-75% of at least
130 patients per year over 2 years period = 130-195 potential patients. In the UDCA study, Dr.
Heathcote enrolled asymptomatic patients with NASH in a 2-year randomized controlled trial
with UDCA vs placebo involving 2 liver biopsies (baseline and 2 y). Twenty-eight patients with
NASH were approached and screened for the study, 21 (75%) were enrolled and 15 (71%)
completed the study with a second liver biopsy (drop-out 29%). Among the patients with NASH,
50% were female, 67% had a BMI > 30 kg/m’ 25% had diabetes mellitus and 50%
hyperlipidemia. Therefore, we anticipate meeting our target within a 2-year Grant. In addition,
since there is no specific effective therapy for this disease, gastroenterologists in the community
are very willing to refer patients with suspected NAFLD to hepatology clinics, especially when a
study is taking place.

Laboratory: Analyses used in this grant are presented in Table 3 , Fig 1,2, or in papers in the
Appendix.

These analyses are presented to support the feasibility of the project. 1. Blood glucose, insulin
and c-peptide were measured in a study investigating the chromium status of HIV patients in
relation to abnormal lipid and glucose metabolism (funded by CANFAR). Insulin Resistance
Index (IRI) was then calculated by adding the Log of serum fasting insulin to the log of serum
fasting glucose (Table 3A). 2. As part of another HIV study in collaboration with Dr. Alice Tang,
Tufts University, Boston, we also previously performed the analysis of plasma antioxidant power
(Table 3B). 3. In a pilot study, pathology and immunochemistry (TGF-f, a-SMA) were
performed on liver biopsies of a small group of patients with simple steatosis (no NASH) and
NASH (Table 3C, Fig 1,2) using a validated scoring system (199). Overall, a-SMA scores were
higher in the NASH group. For TGF-f3, most patients with steatosis (no NASH) and NASH
scored 1+ with one patient with the highest intensity score having NASH. 4. On these liver
biopsies, we also measured both TNF-alpha and lipid peroxides (Table 3D). The size of the
biopsy specimen allowed us to do both measurements. In this small group, those with NASH
had a significantly (P=0.006) higher lipid peroxides and a trend (P= 0.080) toward a higher TNF-
alpha compared with simple steatosis (no NASH). Other measures of oxidative stress are shown
in appended publications (Table 3E, Appendix). These analyses in addition to nutritional
assessment (dietary intake analyses, plasma micronutrients, body composition) have been
performed in many of our studies (Table 3E, Appendix).

Organizational Structure: All the co-investigators (see feasibility and CV) have the staff and the
facilities to conduct this study. All the liver biopsies will be reviewed by one pathologist (Dr.
Guindi). Except for standard laboratory analysis, all other specimens will be stored at =70 C in
Dr. Allard’s laboratory at The Toronto General Hospital. IM Analyses will be performed in the
laboratories of Dr. Elena Comelli (University of Toronto) and Dr. Denis Krause (University of
Manitoba, Winnipeg). Bioinformatic analyses will be performed by Dr. Krause and Dr. Paul
Stothard (University of Alberta, Edmonton).
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RELEVANCE / FUTURE RESEARCH

NAFLD is the most common cause for abnormal liver tests in North American adults. Simple
steatosis is a benign condition but NASH may progress to cirrhosis. Obesity, diabetes and
hyperinsulinemia have been associated with NAFLD. However, many individuals lack the
typical risk factors and no one knows why some patients have an indolent course while others
developed complications. The results of this study will help elucidate the role of lipid
peroxidation in the pathogenesis of NASH and determine if there is an association between lipid
peroxidation and lower antioxidant status, increased liver cytokines (TNF-o, TGF-f), insulin
resistance and higher unsaturated fatty acid status. It also helps us assess whether tere is a
difference in fatty acid composition of the liver and in hepatic gene expression between NASH,
SS and healthy control subjects. In addition, patients with non-alcoholic fatty liver disease
(SS+NASH) with low hepatic n03 PUFA will be compared to those with high n-3 PUFA content
in the liver to determine if there is a difference in expression of the genes involved in lipid
metabolism and oxidative stress. Also, more dietary studies are required since some of the
factors influencing n-3 PUFA content in the liver are dietary imbalance such as low n-3 PUFA,
high trans fat or low antioxidants intakes which can also lead to high hepatic oxidative stress.
The results from this study may lead to further studies on the effect of specific dietary
intervention such as increased n-3 PUFA intake or supplementation. The microbiota composition
will produce pilot data for further assessment of the role of microbiota in NAFLD and possible
interventions with agents like antibiotics or probiotics.
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