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ABSTRACT

The presence of inflammation in the progression of fatty liver disease induced by
fasting was determined in mink. Tumour necrosis factor alpha (TNF-a), and monocyte
chemoattractant protein 1 (MCP-1) liver mRNA levels were quantified by real-time PCR.
Mink fasted for 5 and 7 days had significantly higher levels of TNF-a and MCP-1 liver
mRNA, compared to mink fasted for 0, 1, and 3 days. Mink fasted for 7 days, but re-fed
for 28 days had the lowest mRNA levels of both TNF-a, and MCP-1 demonstrating the
liver’s ability to restore homeostasis post-fasting. TNF-a. mRNA levels were correlated
with MCP-1 liver mRNA and liver fat percent. To confirm the physical presence of
inflammation, slides stained with haematoxylin and eosin were analyzed for bile ducts
resulting in no significant differences. Results indicate that elevated MCP-1 and TNF-a

expression are associated with fasting induced fatty liver in mink.
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CHAPTER 1.0 INTRODUCTION

A common problem among mink ranchers is the impact of disease with forty-five
percent of ranchers in North America having occurrences of nursing sickness (Rouvinen-
Watt and Hynes 2004). Nursing sickness is the largest cause of death among breeder
females and is very costly to ranchers (Rouvinen-Watt 2003). Nursing sickness occurs
towards the end of lactation, or near the start of weaning, and is characterized by weight
loss, anorexia, lethargy, and dehydration (Clausen ef al. 1992; Nieminen et al. 2009).
Upon gross necropsy of dams varying degrees of hepatic lipidosis have been reported
(Seimiya et al. 1988). In mink, the pathogenesis of hepatic lipidosis is similar to that of
the development of non-alcoholic fatty liver disease (NAFLD) (Adams ef al. 2005),
alcohol-induced fatty liver disease (Seth et al. 2011), and feline idiopathic hepatic
lipidosis (FIHL)(Griffin 2000). In 2010, Rouvinen-Watt et a/. demonstrated in a mink
model that hepatic lipidosis could also be induced through periods of fasting. Currently
there are no definitive diagnostic tests for hepatic lipidosis, however, the most accurate
medical method for diagnosis is liver biopsy accompanied with histological evaluation
(Brunt et al. 2009). The development of assays capable of detecting proteins secreted
during the progression of inflammation associated with fatty liver disease may enable a
non-invasive diagnosis, which would be valuable to the research and veterinary medical
community.

Fatty liver disease is defined as the transitioning from the more benign steatosis,
to steatohepatitis, and finally to the development of fibrosis and cirrhosis (Farrell and
Larter 2006). The transition from simple steatosis to steatohepatitis is characterized by

the presence of inflammation demonstrated by the infiltration of immune cells within the
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liver tissue, which is provoked by the secretion and binding of proteins, specifically
cytokines and chemokines (O’Shea and Murray 2008). Two proteins that are believed to
be involved in the development of steatohepatitis are tumour necrosis factor alpha (TNF-
o), and monocyte chemoattractant protein-1 (MCP-1). The purpose of this study is to
quantify the presence of TNF-o and MCP-1 liver mRNA expression levels in correlation
with liver fat percent via quantitative real time polymerase chain reaction (QRT-PCR).
From a morphological perspective, an increased number of bile ducts have been
implicated with the fibrous progression of NAFLD, thus bile ducts were quantified per
field of view to determine if a similar relationship is present in mink (Sasaki et al. 2010).
The results of this research will enable a better understanding of the effects of fasting-

induced fatty liver on the development of liver inflammation in the mink.



CHAPTER 2.0 LITERATURE REVIEW
2.1 Mink and the industry

In 2009, Nova Scotia produced over 825 000 mink pelts accounting for more than
half of Canada’s total pelt production for the year resulting in the industry being one of
the province’s largest agricultural sectors (Statistics Canada 2011). A common problem
among mink ranchers is the impact of disease leading to the loss of breeder females.
Nursing sickness is the largest cause of death in female mink and is accompanied with
the development of hepatic lipidosis, which is associated with seasonal body weight
fluctuations (Nieminen et al. 2001; Rouvinen-Watt 2003). There are several periods
during the production year when breeder females are at risk for the development of
hepatic lipidosis. In autumn, ranchers increase feeding to enable mink to gain maximum
body weight, which results in a larger pelt size (Korhonen and Niemeld 1997). During the
late winter months conditioning of females prior to the breeding season leads to rapid
body weight loss while increasing chances of successful mating (Clausen et al. 1992;
Bjornvad et al. 2004). Finally female mink are at an increased risk during parturition, late
lactation, or toward the early stages of weaning due to an increase in energy demand
(Schneider and Hunter 1993). Ranching protocols promote a continual increase in
production, which results in large metabolic demands on breeder females increasing the

risk of developing fatty liver. This represents a loss that can be potentially prevented.

2.2 Mink nursing sickness and fatty liver disease in carnivores
The development of fatty liver disease associated with nursing sickness in mink

has a measurable impact on the mink industry. Nursing sickness occurs towards the end



of lactation, or within the first week of weaning, and is associated with the increase in
energetic demands of lactation (Clausen et al. 1992; Rouvinen-Watt 2003). The incidence
of nursing sickness varies among farms, but may reach as high as 15% (Hunter and
Lemieux 1996). In a North American survey, forty-five percent of ranchers reported
having problems with nursing sickness (Rouvinen-Watt and Hynes 2004). The
development of fatty liver disease may occur sporadically and is associated with a genetic
predisposition for the development of nursing sickness (Rouvinen-Watt 2003). Bjornvad
and colleagues (2004) found that short-term fasting of mink resulted in accumulation of
intra-hepatic lipid vacuoles resulting in liver weight remaining the same, while body
weight decreased. In 2010, Rouvinen-Watt ef al. fasted mink for 0-7 days resulting in an
increase in intra-hepatic triacylglycerols (TAG), an increase in liver fat percent, and a
decrease in n-3 polyunsaturated fatty acids (PUFA), while re-feeding reversed these
changes. Persson and associates (2011) found that seasonal body weight fluctuations in
wild male mink correlated with an increase in liver weight, which was associated with an
increase in liver fat percent. Fatty liver disease not only affects mink, but also other
species as well. Another Mustelid, the European polecat has been documented to possess
a similar fatty acid (FA) profile to that of humans when hepatic lipidosis is induced
through food deprivation (Nieminen et al. 2009). This study concluded that mustelids
may in fact present a novel model for the pathogenesis of fatty liver disease in humans. In
domestic cats, Griffin (2000) reported that 49% of 175 feline liver biopsies confirmed
FIHL. In cats that were >40% overweight, Biourge and associates (1994) found that long
term fasting for 5 to 7 weeks resulted in hepatic lipidosis indistinguishable from FIHL. In

1998, Nicoll et al. used ultrasonography to determine that obese male cats developed



fatty liver once fed ad libitum or when under a severe diet restriction. In these carnivores
rapid body weight loss, obesity, severe diet restriction, and short-term fasting all lead to

the development of fatty liver.

2.3 Non-alcoholic fatty liver disease
NAFLD is a term that encompasses a full range of liver diseases progressing from

simple steatosis to steatohepatitis, and fibrosis ending with cirrhosis (Farrell and Larter
2006). NAFLD is primarily associated with the development of insulin resistance as part
of the many metabolic changes that occur during the progression of obesity, type II
diabetes, metabolic syndrome, hypertension and dyslipidemia (Hamaguchi et al. 2012).
Diagnosis of NAFLD has quickly increased in parallel with the rise in levels of obesity
and diabetes, resulting in NAFLD becoming the most common form of liver disease in
the Western world (de Alwis and Day 2008; Vuppalanchi and Chalasani 2009). In
Western populations the estimated incidence of NAFLD varies between 20 and 30%,
while non-alcoholic steatohepatitis (NASH) affects 2-3% of the general population
(Bedogni et al. 2005; Browning et al. 2004). The most prevalent risk factors are male
gender, age, obesity, and insulin resistance (Bellentani et al. 2010).

Simple steatosis is characterized by the accumulation of TAG in liver cells until
fatty tissue accounts for greater than 5% of the total liver weight and may be zone 3
predominant (Brunt et al. 2009). The progression of simple steatosis to steatohepatitis is
currently characterized by the infiltration of immune cells into liver tissue, ballooning of
hepatocytes, and fibrosis (Chalasani et al. 2008). Steatosis is relatively benign, while

steatohepatitis can progressively lead to severe fibrosis and cirrhosis of the liver. When



fibrosis develops the deposition of collagen occurs initially in the perisinusoidal space of
Disse and in zone 3, progressing to portal and periportal fibrosis (Brunt et al. 2009).
Despite recent advances in the understanding of the pathogenesis of NAFLD,
uncertainties still exist pertaining to the metabolic and inflammatory pathways involved
with the progression from steatosis to cirrhosis. Preliminary theories for the development
of NASH are centralized around the idea of a two-hit hypothesis and recently a third-hit
has been proposed (Day 2006, Dowman et al. 2010). The first-hit was defined as the
accumulation of hepatic TAG leading to steatosis, followed by the second-hit involving
cytokine/chemokine mediated inflammation, mitochondrial dysfunction, and oxidative
stress. The third-hit involves the liver’s inability to regenerate due to oxidative stress
hindering hepatocyte proliferation and differentiation from oval progenitor cells resulting
in hepatocyte death (Downman et al. 2010). The three-hit hypothesis has since been
modified to incorporate the effect of free fatty acids (FFA) in the progression of liver
injury. The development of obesity and insulin resistance results in an increase of FFA
into the liver, which are either broken down via B-oxidation, exported by lipoproteins, or
stored by esterification (Feldstein et al. 2004). Recently the liver saturated fatty acids
(SFA)/unsaturated FA (UFA) ratio has been associated with lipotoxicity since NAFLD
results in the impairment of oxidizing and exporting SFA leaving storage as the only
option (Gormaz et al. 2010; Trauner et al. 2010). Li and associates (2009) have indicated
that the desaturation of SFA into mono-unsaturated fatty acids (MUFA) has a protective
effect of removing the cytotoxic SFA, but leads to a more advanced disease progression
due to the increasing fat accumulation hindering basic liver function. In mink from this

study, Rouvinen-Watt et al. (2012) demonstrated that acetyl-CoA carboxylase-1 (ACC-1)



and fatty acid synthase (FAS) messenger ribonucleic acid (mRNA) expression levels
were increased after fasting mink for 5-7 days of fasting. This suggests that hepatic de
novo lipogenesis (DNL) further exacerbates the development of fatty liver. The increase
in DNL results in the synthesis of C16 and C18 SFA, which are capable of being
desaturated into MUFAs and were found to be higher in the fasted mink (Rouvinen-Watt

etal 2012).

2.4 The liver

2.4.1 Organization

The liver is the largest internal organ accounting for an average 2.5% of human
adult body weight and 2-3% of adult mink body weight depending on the time of year
(Mustonen et al. 2005; Ross and Pawlina 2006). The human liver is divided into four
lobes, while in the mink liver consists of five lobes, the right median and lateral, the left
median and lateral, and the quadrate (Smith and Schenk 1999). Blood is supplied to the
liver from two sources, the hepatic portal vein and hepatic artery. The hepatic vein
carries de-oxygenated blood containing nutrients, xenobiotics, blood cells, and endocrine
secretions from other tissues of the body, while the hepatic artery provides oxygen rich
blood (Haitissinger 1990). Liver lobes are comprised of hepatic lobules, which are
composed of organized plates of hepatocytes called parenchyma (Baratta et al. 2009).
Hepatic lobules are surrounded by portal triads, which contain a bile duct and supplies
blood from both the hepatic artery and portal vein. Sinusoidal capillaries separate the
anastomosing plates of hepatocytes and bathe the hepatic cells in blood enabling liver
function. There are three structural models that currently explain the functions of the liver
consisting of the classic lobule, portal lobule, and liver acinus (Ross and Pawlina 2006).
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The classic lobule model is hexagonal in shape and blood flow radiates from the portal
triads to the central vein, while the portal lobule forms a triangle with an inner portal triad
leaving blood flowing towards a central vein in each corner. The liver acinus model
involves three zones located between two classic lobules with an oxygen gradient

descending towards zone three resembling a diamond shape (Rappaport et al. 1983).

2.4.2 Functions and cellular structure

The liver plays many important roles in the regulation of homeostasis. These
include the uptake, storage, and distribution of nutrients and vitamins, maintenance of
glucose levels, regulation of very low-density lipoproteins (VLDL), degradation or
conjugation of xenobiotics and drugs, secretion of bile, and endocrine functions (Leevy et
al. 1970; Evans et al. 1976, Nagelkerke et al. 1983; Ross and Pawlina 2006; Baratta et al.

2009). These functions are performed by the coordination of all hepatic cells.

2.4.2.1 Hepatocytes

Hepatocytes comprise nearly 75% of all liver cells and the average lifespan is five
months (Ross and Pawlina 2006). Hepatocytes form plates lining the sinusoid and come
in direct contact with nutrients, toxins, and endocrine secretions contained in the blood.
Hepatocytes perform many functions including 1) metabolism of xenobiotics via
cytochrome P450s, 2) synthesis of plasma proteins, 3) production of bile salts, and 4)
storage of iron as a ferritin complex (Smedsred ef al.1990; Sellaro 2008). It has been
recognized that both under normal and pathological conditions many hepatocyte

functions are regulated by proteins released from neighboring non-parenchymal cells.



2.4.2.2 Sinusoidal endothelial cells
Sinusoidal endothelial cells (SECs) constitute 70% of the sinusoidal cells in the

liver and form a fenestrated barrier between the blood and hepatocytes (Katz et al. 2004;
Smedsred et al. 1990). SECs have been implicated in the clearance of modified or
denatured proteins, excess extracellular matrix (ECM) components including hyaluronic
acid, lipoproteins, and denatured collagen by receptor mediated endocytosis (Enomoto et
al. 2004). SECs play an important role in the inflammatory response of the liver.
Chemical stimulation induces SECs to express cell adhesion molecules (CAMs) that

mediate extravasation of immune response cells into target tissues (Essani et al.1995).

2.4.2.3 Stellate/Ito cells

Hepatic stellate cells (HSCs) also known as Ito cells were discovered by Von
Kupffer in 1876 and are located in the perisinusoidal space of Disse of the liver (Winua et
al. 2008). The non-immunological functions of HSCs centralize around the storage of
80% of the bodies’ total vitamin A as retinyl palmitate, transport of retinoids, secretion of
ECM components, and regulation of hepatic blood flow (Senoo 2004). The structure of
HSCs change upon fibrotic conditions altering phenotypes from a star-like cell to a
spindle-like myofibroblast with increases in endoplasmic reticulum and Golgi apparatus
development (Senoo 2004). HSCs are activated by TNF-a and fibroblast growth factor
(FGF) (Kisseleva and Brenner 2006). Activation enables HSCs to secrete pro-
inflammatory cytokines resulting in an up-regulation of CAMs expression, which further
accelerates an immune response. HSCs secrete the chemokine MCP-1 signaling

macrophage recruitment.



2.4.2.4 Kupffer cells

Kupffer cells comprise approximately 80-90% of the bodies’ resident
macrophage population and may persist for weeks or up to 14 months (Bilzer e/ al.
2006). Kupffer cells reside in the sinusoids of the liver and the concentration, size, and
phagocytotic capability of each individual Kupffer cell depends on location within the
liver acinus (Odegaard et al. 2008). Kupffer cells play a pivotal role in the body’s innate
immune defense by dealing with the clearance of particulate and exogenous materials
from the portal circulation and endogenous signals that are a result of disturbances in
homeostasis (Baffy 2009). Both endogenous and exogenous threats are capable of
activating Kupffer cells leading to a series of actions. Kupffer cells are able to 1) launch a
biochemical attack stimulating interactions with other liver cells via cytokines,
chemokines, prostaglandins, reactive oxygen species (ROS), proteolytic enzymes and
nitric oxide (NO) (Neyrinck et al. 2009; Claria et al. 2011), 2) initiate an inflammatory
response by recruiting leukocytes via expressing CAMs and releasing chemokines, 3)
phagocytose, digest and eliminate solid particles (Baffy 2009); and 4) contribute to
adaptive immunity by processing antigens to attract cytotoxic and regulatory T-cells.
Thus, Kupffer cells are a key regulatory cell in the liver and are highly influential in the

pathogenesis of inflammation.

2.5 Inflammation
2.5.1 Acute inflammation
The acute phase response is an organism’s reaction to disturbances in homeostasis

that can be triggered by numerous factors including infection, tissue damage, neoplastic
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growth, or immunological disorders (Gabay 2006). Tissue injury is accompanied with an
increase in vascular diameter, but a decrease in blood flow (Heinrich ez al. 1990). The
increased volume results in vascular permeability enabling fluid to enter the damaged
tissue. Furthermore, accumulation and activation of both granulocytes and mononuclear
cells, along with the activation of endothelial cells leads to secretions of cytokines
resulting in a systemic response (Kindt et al. 2007). An acute systemic response results in
the induction of fever, leukocytosis, erythrocyte sedimentation, increased secretion of
adrenocorticotropic hormone (ACTH) and glucocorticoids, negative nitrogen balance,
and secretion of acute phase protein including C-reactive protein (CRP) (Heinrich ef al.
1990).

Many systemic acute phase effects are due to the combined action of TNF-a, IL-6
(Interleukin-6), and IL-1 (Interleukin-1; Gabay 2006). The launch of an acute
inflammatory response is characterized by neutrophil infiltration in the tissue of injury.
Neutrophils produced by bone marrow travel in the blood until certain CAMs have been
activated or expressed. TNF-a and IL-1 increase expression of E-selectin which binds to
mucins present on neutrophils beginning the process of rolling (Kindt et al. 2007).
Rolling is the first step in the process of extravasation, which involves the exit of fluid
from a blood vessel into the surrounding tissue. The process of extravasation associated
with an acute response is a critical step in the progression of hepatic lipidosis (Ramaiah
and Jaeschke 2007). The infiltration of lipids in the liver hinders basic function resulting

in the triggering of an acute inflammatory response to restore homeostasis.
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2.5.2 Chronic inflammation

Chronic inflammation is characterized by the change from neutrophil to monocyte
infiltration (Heinrich et al. 1990). Monocyte infiltration is triggered by changes in
chemokine secretion. TNF-a and IL-1 are capable of stimulating endothelial cells to
secrete IL-8, IL-6 and increase expression of CAMs (Elias and Lentz 1990). During
neutrophil infiltration, shredding of the membrane releases the soluble IL-6 receptor sIL-
6Ra (Gabay 2006). The binding of IL-6 and sIL-6Ra to gp130 on the surface of
endothelial cells terminates the secretion of IL-8 and increases the secretion of MCP-1.
This transition period requires the clearance of neutrophils. Neutrophils are crucial in
host defense via their ability to synthesize oxygen metabolites and enzymes (Vissers and
Hampton 2004). These substances can be toxic to surrounding tissues, thus apoptotic
neutrophils express new membrane antigens that attract macrophages. Phagocytosis of
neutrophils leads to an increased expression of MCP-1 from macrophages and a decrease
in IL-8 (interleukin-8) from neutrophils (Heinrich ef al. 1990). As neutrophils are cleared
from the inflammatory site, monocytes continue to infiltrate resulting in differentiation
into inflammatory macrophages (Rydell-Térménen ef al. 2006). These cells then may
present antigenic peptides that may recruit lymphocytes further exacerbating the immune
response. Chronic inflammation occurs when the acute phase response persists to a point
where more severe measures must be taken to restore homeostasis (Gabay 2006). The
progression of hepatic lipidosis to a stage where monocyte infiltration occurs is mediated

by the secretion and binding of inflammatory proteins.
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2.6 Cytokines

In order to launch an immune response, there must be communication among
lymphoid, inflammatory and hematopoietic cells (Kindt ef al. 2007). Communication is
accomplished by the secretion and binding of proteins, specifically cytokines (O’Shea
and Murray 2008). Cytokines are released after a cell is stimulated by a specific cue and
may act in an autocrine, endocrine or a paracrine fashion (Coppack 2001). They bind to
particular receptors on the membrane of target cells, which results in a signal transduction
pathway that leads to a change in expression of certain genes (Wormald and Hilton
2004). Cytokines are capable of synergistic, antagonistic, redundancy and cascade effects
that permit regulation of cellular processes in a coordinated manner (Kindt ez al. 2007). A
cytokine believed to have implications with the inflammation involved with fatty liver

disease is TNF-a.

2.6.1 TNF-o.

In 1984, two different TNFs were isolated and discovered to be cytotoxic to
tumour cells in mice resulting in regression of the tumour (Aggarwal 2003). Research
during the last 20 years has increased the TNF superfamily to 19 proteins signaling
through 29 receptors including TNF-a. TNF-a is a proinflammatory cytokine that plays a
central role in the innate and adaptive immunity, cell proliferation, and apoptotic
processes (Popa et al. 2007). TNF-a is produced by a variety of cells throughout the body
including macrophages, monocytes, adipocytes, and endothelial cells (Antuna-Puente et
al. 2008). There are two different types of TNF-a receptors that are present on every cell

membrane with the exception of erythrocytes, TNF-a-R1 and TNF-a-R2 (Popa et al.
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2007). The two receptors differ in their binding affinity of TNF-a and in addition to their
signaling pathways. Increased concentrations of TNF-a have been implicated in the
progression in many diseases including type II diabetes and the metabolic syndrome
(Yang et al. 2009).

TNF-a is a pleiotropic cytokine that has many important roles in both
inflammation and metabolism (Popa et al. 2007). During situations of increased plasma
TNF-a, most diseases are also accompanied with an increase in plasma TAG leading to
hypertriglyceridemia (Hotamisligil et al. 1995). TNF-a induces hypertriglyceridemia by
five distinct ways, 1) increasing FFA production from both adipose tissue and liver, 2)
diminishing clearance of VLDL from the liver, 3) decreasing expression of apoE in
hepatocytes resulting in TAG rich lipoproteins in circulation for a longer period of time,
4) increasing de novo FA synthesis by increasing levels of hepatic citrate, and 5) TNF-a
alters the phenotypic state of pre-adipocytes resulting in the inability to store lipids
properly activating a local and systemic inflammatory response. As a result TNF-a has
the ability to shift lipid metabolism from a state of equilibrium to a condition where
excess synthesis and release along with a decrease in transport efficiency leads to a
surplus of TAG in circulation.

TNF-a is capable of not only hindering lipid metabolism, however it hinders
glucose metabolism as well. TNF-a influences insulin signaling by interfering with the
insulin receptor substrate-1 (IRS-1) causing a serine phosphorylation (Matsuzawa 2005).
In adipose tissue, TNF-a stimulates lipolysis causing an increase in plasma FFAs leading
to insulin resistance and an increase in glucose production from the liver (Hotamisligil et

al. 1995). TNF-a plays a pivotal role in the production of many other cytokines and is
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able to induce insulin resistance by generating a down-regulation of adiponectin and an
increased expression of leptin (Trayhurn and Wood 2005). Stimulation of MCP-1 release
by TNF-a leads to an inflammatory response that generates insulin resistance (Smith et
al. 2007). Overall, TNF-a has a multitude of effects that severely impair lipid and glucose

metabolism.

2.7 Chemokines
Another group of proteins associated with cell signaling are chemokines.
Chemokines affect the chemotaxis of leukocytes and play an important role in the

inflammatory response. The most important chemokine relating to the transition from

NAFLD to NASH is MCP-1.

2.7.1 Monocyte chemoattractant protein-1

Chemokines consist of four classes depending on the position of conserved
cysteine (CC) residues and are also known as conserved cysteine ligands (Marra ef al.
1998). MCP-1 belongs to the CC class 2 (CCL2) and determines recruitment and
activation of monocytes and T-lymphocytes. MCP-1 is secreted by a variety of cells
including endothelial, Kupffer, and hepatic stellate cells. Presence of MCP-1 is involved
with the progression of many diseases including hepatic lipidosis. MCP-1 plays an
important role in the development of inflammation associated with the transition from
simple steatosis to NASH and there is a positive relationship between an increase in
obesity and MCP-1 levels (Haukeland et al. 2006). Weisberg and associates (2006)

discovered that in diet-induced obese mice; an absence of the C-C motif chemokine
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receptor-2 (CCR2), which regulates monocyte/macrophage recruitment, protects the liver
against accumulation of lipids. Using rats with a mutated CCR2 suppressing receptor
activity, Imamura et al. (2005) found that dimethylnitrosamine-induced infiltration of
macrophages and lymphocytes into liver tissue was suppressed, activation of HSC was
eliminated, and fibrogenesis was prevented. Similar results have been obtained in humans
as MCP-1 is over-expressed in the adipose tissue of individuals that are insulin resistant,
which is accompanied with an accumulation of macrophages (Westerbacka et al. 2007).
Overall, the morphological changes of the liver during the development of fatty liver bear
significant similarities to those that occur to adipose tissue during obesity, indicating that
an adipogenic transformation may be occurring in the liver (Westerbacka et al. 2007).
Using the same mink from this study, Rouvinen-Watt and associates (2012) have
demonstrated an increase in hepatic DNL, which is suggested to be caused by an
adipogenic transformation of the hepatocytes. Similar to changes seen in humans with
NAFLD, the liver expresses gene profiles normally expressed in healthy adipose tissue

(Westerbacka et al. 2007).

2.8 Diagnosis and liver histology

NAFLD is most often diagnosed in patients that have elevated aminotransferase
levels found in routine exams since there are no causal symptoms associated with the
disease (Farrell and Larter 2006). Testing for fatty liver involves analyzing blood and
urine, along with radiographic findings that may be indicative of NAFLD, but the most
accurate medical method of differentiating between steatosis and steatohepatitis is liver

biopsy accompanied with histological evaluation (Brunt ez al. 2009). Liver biopsy is
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expensive, carries risks to patients, and practitioner diagnoses vary from one to another
leading to poor reproducibility and large sampling variability. When a liver biopsy is
performed a small fragment of liver is removed, which is estimated to represent 1:50 000
of the whole organ (Raitziu et al. 2007). In most chronic liver diseases it has been
recognized that the distribution of histological lesions is variable indicating that a single
sample may lead to invalid diagnosis (Bravo et al. 2001).

In 1999, Brunt and associates developed a semi-quantitative system to grade
NASH, while Matteoni and colleagues (1999) developed a grading system to define
NAFLD. The scoring system was based on characteristics relating to steatosis, ballooning
of hepatocytes, lobular and portal inflammation. Recently Kleiner and colleagues (2005)
created the NAFLD activity score (NAS) focusing on steatosis, lobular inflammation, and
hepatocyte ballooning. NAS was designed to validate the presence of NASH with
reasonable inter-rater reproducibility, but has become a scoring system for NAFLD. In
2010, Merat and associates continued to develop the scoring system, but with an
emphasis on NASH. The NASH activity index (NAI) was created focusing on all four
characteristics proposed by Brunt et al. (1999) since portal inflammation has been

deemed to be critical in NASH development.

2.8.1 Lobular and portal inflammation

Lobular inflammation is defined as the presence of inflammatory lymphocytes in
the sinusoids of the liver (Brunt 2005). It is associated with the development of mixed
acute and chronic inflammatory infiltrates, which accumulate in the lobules of the liver in

response to stress (Caballero ef al. 2012). In contrast, portal inflammation is described as
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the infiltration of a more chronic inflammatory cell population surrounding the portal
triads and central veins of the liver (Brunt et al. 2009, Rakha ef al. 2010). Chronic cells
involved are lymphocytes, plasma cells, occasional eosinophils, and monocytes. The

presence of these cells in the liver is an end result of an accumulation of liver lipids.

2.8.2 Microvesicular versus macrovesicular steatosis

Steatosis has been classically identified as macrovesicular or microvesicular
(Yerian 2011). Macrovesicular and mixed steatosis are more commonly diagnosed than
microvesicular steatosis. Macrovesicular steatosis has been consistently associated with
fatty liver disease and the metabolic syndrome, but also stimulated by starvation and
rapid body weight loss in obese people (Schwimmer et al. 2006). Macrovesicular
steatosis is characterized by the presence of few well-defined fat droplets present in the
hepatocyte cytoplasm displacing the nucleus to the cell’s periphery (Mofrad and Sanyal
2003). In comparison, microvesicular steatosis is rare and is frequently associated with
severe clinical illnesses involving mitochondrial and hepatic dysfunction (Marion et a/
2004). Microvesicular steatosis is defined by the presence of numerous fat droplets that
are smaller than the cells nucleus, giving the cytoplasm a foamy appearance (Liquori et
al. 2009). The presence of either or both forms of steatosis results in an increase in cell

size and serves as a defining characteristic in determining the progression of NAFLD.

2.8.3 Hepatocyte ballooning
Ballooning is a feature that was first described by Matteoni and colleagues (1999)

and has been used as clinical characteristics for positive diagnoses of NAFLD. The term
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ballooning refers to the hepatocytes enlarging in size and can be sometimes associated
with the development of Mallory’s hyaline (Brunt 2004). Hepatocyte ballooning is
caused largely by the development of steatosis leading to microtubular disruption and

cellular injury resulting in necrosis.

2.8.4 Bile ductular proliferation

Division of mature hepatocytes and/or cholangiocytes in the adult liver drives
normal tissue homeostasis and regeneration after hepatocellular or biliary damage
(Strazabosco and Fabris 2012). Recently, an increased number of bile ductules have been
implicated with the fibrous progression of various chronic liver diseases including
NAFLD (Sasaki et al. 2010). Chiba and associates (2011) found a positive relationship
between the number of bile ductules and NAFLD disease progression. Bile ductules are
composed of biliary endothelial cells (BEC). BECs are found to induce cellular
senescence and express MCP-1, which is related to periportal and portal fibrosis and

inflammation.

2.9 Conclusion

The liver is one of the most important organs in the maintenance of homeostasis.
Along with the rise in obesity is an increase in the occurrence of fatty liver disease. In
mink, fatty liver is a common cause of death among breeder females and represents a
large annual loss for farmers. The development of fatty liver is asymptomatic and leaves
a very narrow window for intervention. Currently the only effective method of detecting
fatty liver disease is via liver biopsy. In mink, biopsies are not a logical practice since the
shaving of fur during winter would hinder the animal’s ability to properly thermoregulate

19



and the value of the biopsy in relation to the value of the animal is cost-prohibitive. The
development of inflammation related to the progression from steatosis to steatohepatitis
represents a novel approach for detection of fatty liver. Inflammation requires the
coordination of many cytokines and chemokines in order to restore homeostasis. The
roles of TNF-a and MCP-1 in the development of inflammation render them ideal
candidates for the monitoring of disease progression in NAFLD. Identification of these
critical markers as indicators of inflammation in the development of fatty liver in post-
mortem samples will promote further research on the detection of these proteins in live

animals. This will in turn increase the potential of early diagnosis of this disease.

20



CHAPTER 3.0 OBJECTIVES AND HYPOTHESES

The overall objectives of this research were to characterize the pathogenesis of
inflammation in the fatty liver in fasted mink by quantifying TNF-o and MCP-1 liver
mRNA expression levels, and determining the physical presence of inflammation through
histological analysis. It is hypothesized that there will be no difference in liver messenger
ribonucleic acid expression levels of TNF-a or MCP-1 between sexes. There will be an
increase in TNF-a liver mRNA expression peaking in mink fasted for five days, while
there will be an increase in MCP-1 liver mRNA expression peaking in mink fasted for
seven days. Histological examination will support these hypotheses with mink fasted for
5 and 7 days having more bile ducts present per foci. Mink re-fed (RF) for 28 days will
return to control liver mRNA expression levels of TNF-a and MCP-1, while RF mink

will have similar amounts of bile ducts present as control treatments.
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CHAPTER 4.0: MATERIALS AND METHODS
4.1 Fasting trial

Sixty (60) 9-month-old standard black mink were used in the fasting trial.
Treatment groups consisted of 5 males and 5 females, which were fasted for 0, 1, 3, 5 or
7 days. In addition a re-feeding (RF) treatment was carried out where 5 males and 5
females were fasted for 7 days followed by ad libitum feeding for 28 days. The fasting
regimes were conducted from January 9™ to 16™ 2007 and the re-feeding was carried out
from January 16" to February 13" 2007. The mink were weighed, anaesthetized, sampled
for blood, and euthanized at the end of each experiment. Livers were excised, gall
bladders removed, weighed, and snap-frozen in liquid nitrogen prior to being stored in an
-80° freezer. All experimental procedures were approved by the Animal Care and Use
Committee of the Nova Scotia Agricultural College and were carried out in accordance
with the guidelines of the Canadian Council for Animal Care, ACUC file no. 2006-089.

For further details see Rouvinen-Watt et al. (2010).

4.2 Quantitative real time polymerase chain reaction assays

4.2.1 Ribonucleic acid extraction

Total ribonucleic acid (RNA) was extracted from liver tissue via the RNeasy®
Mini Kit with DNase-1 digestion as per manufacturer’s protocols (QIAgen, Valencia, CA,
USA). Liver samples were removed from storage and placed in liquid nitrogen, 20-30mg
of tissue was separated, and Buffer RLT with 2-mercaptoethanol was added to prevent
RNA degradation. A Kontes Pellet Pestle® micro grinder (Kimble, Vineland, NJ, USA)

was used to mechanically homogenize liver tissue, while the high molecular weight
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cellular components were homogenized with a QIAshredder (QIAgen, Valencia, CA,
USA). RNA was then isolated by applying the homogenized lysate to a spin column with
equal parts of 50% ethanol followed by a wash with RW1. The column was then
incubated with DNase-1 for 15 minutes to remove genomic deoxyribonucleic acid (DNA)
contaminants. The column was washed with Buffer RPE and 70% ethanol for a total of 3
washes. RNA was eluted twice, first with 30ul of RNAse free water and then the eluate
from the first spin. RNA quality and quantity was assessed via a 260/230 (salt and
ethanol contamination) and 260/280 (protein contamination) ratios of minimum 1.8
attained from a NanoDrop 1000 spectrophotometer (Fisher Scientific, Ottawa, ON,
CAN), a 28S to 18S ratio of minimum 1:1 via a 0.7% agarose gel, and no reverse

transcription controls.

4.2.2 Complementary deoxyribonucleic acid synthesis

RNA was reverse transcribed using a High Capacity (cDNA) Reverse
Transcription Kit (ABI, Carlsbad, CA, USA) including a MultiScribe™ Reverse
Transcriptase according to manufacturer’s protocols. A 2X Mastermix was prepared with
an equal volume of 1.0ug RNA in 20ul aliquots and was pipetted into 8-well strips. The
8-well strips were run in the Dyad® Peltier Thermal Cycler (Bio-Rad, Mississauga, ON,
CAN) for 10 minutes at 25°C, 120 minutes at 37°C, 5 seconds at 85°C, and held at 10°C
until termination of the program. cDNAs were aliquoted into 0.1X and 0.01X dilutions

using 10mM Tris-Cl, pH 7.4 and stored at -30°C.
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4.2.3 Sequencing
Sequences were attained firstly by searching existing databases and secondly by

designing primers based off homologies present between similar species as follows.

4.2.3.1 Monocyte chemoattractant protein-1

MCP-1 sequence was designed using homologies between ferret, dog, cat, human,
mouse, and horse sequences attained from GenBank (Table 1). Sequences were aligned
using BioEdit Sequence Alignment Editor (Copyright © 1997-2007 Tom Hall Version
7.0.9.0; Hall 1999) followed by the designing of primers via Primer 3 version 0.4.0
(Rozen and Skaletsky 2000). Primer 3 parameters were product size range of 400-800,
table of thermodynamic parameters set to Santa Lucia 1998, max 3’ self-complementarity
at 0, max poly X at 3, salt correction formula set to Santa Lucia 1998, concentration of
divalent cations at 2.5, and concentration of ANTPs at 0.2. Primers were ordered from
Sigma® Life Science (Sigma-Aldrich, Oakville, ON, CA) and were tested via
polymerase chain reaction (PCR) with a 48-68°C annealing temperature gradient using
the Dyad® Peltier Thermal Cycler (Bio-Rad, Carlsbad, CA, USA). PCR parameters
consisted of a hot start at 94°C for 5 minutes followed by 30 cycles of 94°C, a gradient
from 48-68°C, and 72°C each for 30 seconds, incubated at 72°C for 6 minutes, and held
at 10°C until the program was terminated. Preliminary sequence was attained from the
primers F89 and R309 yielding a product size of 221 base pairs (Table 2). The reaction
mix contained Ultrapure™™ DNase/RNase-free distilled water, 1X PCR buffer containing
200 mM Tris-HCI (pH 8.4) and 500 mM KClI, 1.5 mM MgCl,, 0.2 mM GeneAmp dNTP
mix, 0.24 uM forward primer MCP1 F89, 0.24 uM reverse primer MCP1 R309, 0.8 U
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Taq DNA polymerase, and 8ul of 1X FLO7 liver cDNA. A 2% agarose gel
electrophoresis was used to confirm a single band of the desired size. Primers MCP1 F20
and MCP1 R320 were designed to extend the sequence on the 3’ end and the PCR
product resulted in a single band at an annealing temperature of 58°C, which was then
purified using Montage PCR-50 columns (Fisher Scientific, Ottawa, ON, CAN; Table 2).
PCR parameters consisted of a hot start at 94°C for 5 minutes followed by 30 cycles of
94°C, 58°C, and 72°C each for 30 seconds, incubated at 72°C for 6 minutes, and held at
10°C. The reaction mix contained Ultrapure™ DNase/RNase-free distilled water, 1X
Green GoTaq® Flexi Buffer, 1.5 mM MgCl,, 0.2 mM GeneAmp dNTP mix (ABI,
Carlsbad, CA, USA), 0.24 uM MCPI1 F20, 0.24 uM MCP1 R320, 0.5 U GoTaq® HS
DNA polymerase (Promega, Madison, WI, USA), and 1X FLO7 liver cDNA. Purified
PCR product was sequenced at the Atlantic Research Centre for Agricultural Genomics
for sequencing where samples were processed using a 3130 Genetic analyzer (ABI,
Carlsbad, CA, USA). Sequence obtained for MCP-1 was submitted to GenBank,

accession number HQ163895 (Table 3).

4.2.3.2 Tumour necrosis factor alpha

Published mink mRNA sequence was available in GenBank for TNF-a accession

number GU327784.
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4.2.4 Standards
Copy RNA standards were created by designing T7 labeled primers with a T7
promoter sequence at the 5’-end from target specific sequences and running PCR

followed by in vitro transcription, RNA purification, and reverse transcription.

4.2.4.1 T7 Promoter labeled DNA fragment

A T7 promoter labeled DNA fragment was produced by designing T7/dT labeled
primers. Primers were designed using Primer 3 with forward primers modified with the
20 nucleotide T7 promotor sequence TAATACGACTCACTATAGGG attached to the
5’-end, while the reverse primer were modified by having a 15 nucleotide dT oligo
attached to the 5’-end. A 48-68°C gradient PCR was run with the Dyad® Peltier Thermal
Cycler (Bio-Rad, Carlsbad, CA, USA) and a 2% agarose gel electrophoresis was run to
confirm the presence, size, and specificity of the PCR product. PCR product was then
column purified or gel extracted, and finally quantified via spectrophotometer to

determine DNA purity.

4.2.4.1.1 Monocyte chemoattractant protein-1

T7 PCR product was created using the primers MCP1 T7 F2 and MCP1 dt R280
(Table 2). PCR run conditions consisted of a hot start at 94°C for 5 minutes followed by
30 cycles of 94°C, 60°C, and 72°C each for 30 seconds, incubation at 72°C for 6 minutes,
and a 10°C holding cycle. Reagents used were Ultrapure™™ DNase/RNase-free distilled
water, 1X PCR buffer containing 200 mM Tris-HCI (pH 8.4) and 500 mM KCl, 1.5 mM

MgCl,, 0.2 mM GeneAmp dNTP mix, 0.24 uM MCP1 T7 F72, 0.24 uM MCP1 dt R280,
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0.5 U GoTaq® HS DNA polymerase (Promega, Madison, WI, USA), and 2X FL07 mink
liver cDNA. PCR product was then gel extracted via the MiniElute gel extraction kit
(QIAgen, Valencia, CA, USA) as per manufacturer’s protocols with the exception that
the 2% agarose gel was prepared with 0.085¢g of guanosine to protect DNA from ultra-
violet degradation (Sigma® Life Science, St. Louis, MI, USA). Purified PCR product
was quantified using the NanoDrop 1000 spectrophotometer (Fisher Scientific,

Mississauga, ON, CAN).

4.2.4.1.2 Tumour necrosis factor alpha

T7 PCR was performed with primers T7 F40 and dt R419 using a 48-68°C
gradient with run parameters identical to the sequence testing primers F89 and R309
(Table 2). A 2% agarose gel electrophoresis was run to confirm presence, size, and
specificity of the PCR product resulting in 58°C being the optimal annealing temperature.
The PCR product was then subsequently utilized as the cDNA for the re-amplification of
the same primers above with the same conditions. The re-amplified PCR product was
then pooled and gel extracted using the Wizard® SV Gel and PCR Clean-Up System
(Promega, Madison, WI, USA) as per manufacturer’s instructions to remove non-specific
contaminants. Purified PCR product was quantified using the NanoDrop 1000

spectrophotometer (Fisher Scientific, Mississauga, ON, CAN).

4.2.4.2 Copy RNA
Molecular weight of the T7 promoter labeled sequence was calculated using

Oligo Calc: Oligonucleotide Properties Calculator version 3.26 (last modified by WA
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Kibbe 07/15/2010) in order to determine the amount of DNA to use to create a 100nM
final concentration in a reaction volume of 8 pl. In vitro transcription was run using the
MEGAshortscript Kit (ABI, Carlsbad, CA, USA) according to manufacturers instructions
followed by RNeasy RNA purification with DNAse I treatment. The reaction contained
1X Reaction Buffer, 1X T7 Enzyme Mix, 7.5mM each ATP, CTP, GTP, and UTP, and
100nM template DNA. The mix was then incubated in the Dyad® Peltier Thermal Cycler
for 4 hours at 37°C. A 0.7% agarose gel electrophoresis confirmed the quality and size of
the purified copy RNA product, while the NanoDrop spectrophotometer was used to

confirm quantity.

4.2.4.3 Single stranded DNA

Copy RNA was reverse transcribed using a High Capacity cDNA Reverse
Transcription Kit using 1.0ug of copy RNA in a reaction volume of 20ul (ABI, Carlsbad,
CA, USA) using the MultiScribe™ Reverse Transcriptase, by the same procedure used to

create sample cDNAs (see section 4.2.2).

4.2.5 Quantitative real time polymerase chain reaction

Real time assays were assembled using the epMotion 5070 liquid handling robot
(Eppendorf, Mississauga, ON, CAN) and quantified by the LightCycler® 480 Real-Time
PCR System Il (Roche Applied Science, Laval, QUE, CAN). All samples were run on a
single 384-well plate (Roche Applied Science, Laval, QUE, CAN) to remove plate-to-
plate variation with triplicate technical replicates to reduce sampling error. Real time

assays were run with a 9-point standard curve, which consisted of a 5-fold dilution series
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of the copy RNA standards. The highest concentration standard consisted of 3.23X10"
copies for MCP-1 and 2.00X10® copies for TNF-a.. Melt curves were examined to
eliminate the possibility of undetected false positives by ensuring that all samples and
standards had consistent melting peaks indicating amplification of a single gene product

(Figure 1).
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Figure. 1. Melt curve for TNF-a as an example of the amplification of a single gene

product in real-time.
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4.2.5.1 Real time primer design

Real time primers were designed from the appropriate mink (Neovison vison)
mRNA sequences using Primer 3 to give an amplicon of 75-150 base pairs (Table 2).
Primers were designed across exons attained from homologous human genes to minimize
non-specific amplification. Real time primers were tested by running a 55-65°C gradient
using the iQ™5 Real-Time PCR Detection System (Bio-Rad, CA, USA) to determine
optimal annealing temperature and primer specificity. Primer pairs resulting in the
highest efficiency and sensitivity (as shown by the lowest threshold cycles or
quantification cycle for a given concentration) were selected as real time primers for the
assay. Primers F149 and R266 resulted in the highest efficiency for MCP-1, while having
the lowest cycle threshold at 60.0°C. For TNF-a F81 and R199 run at 62°C proved to be

the most efficient (Table 2).

4.2.5.2 Plate preparation

The liquid handling robot completed all pipetting, thus reagents were prepared in
stock solutions consisting of a mastermix, standards, samples, water, and Tris-Cl. A real-
time mastermix was assembled in an Eppendorf epMotion 5075 mastermix reservoir
consisting of Ultrapure™ DNase/RNase-free distilled water, 1X PCR buffer containing
200 mM Tris-HCI (pH 8.4) and 500 mM KCI, 2.5 mM MgCl,, 0.2 mM GeneAmp dNTP
mix, 0.4 uM forward primer, 0.4 uM reverse primer, 0.8 U GoTaq® HS DNA
Polymerase (Promega, Madison, WI, USA), and 1X Evagreen® (Biotium, Hayward, CA,
USA). Forty-five (45)ul of mastermix was pipetted into a 96-well plate followed by 5ul

of each sample cDNA or 5ul of DNase/RNase-free distilled water for the blank, and
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mixed twice by pipetting. Ten (10)ul of each mixture was then pipetted onto the 384-well
plate in triplicate. Standards were prepared by adding 90ul of 10mM Tris-Cl pH 7.4 to
10ul of a 0.01X concentration of copy RNA standard and was aliquoted into a 1.5ml
centrifuge tube. 10mM of Tris-Cl, pH 7.4 was aliquoted into a 1.5ml centrifuge tube,
from which the liquid handling robot pipetted 80ul of the Tris-Cl into 9 wells on a 96-
well plate. Sixty (60)ul of the stock standard was pipetted onto the 96-well plate, from
which subsequently 20ul was mixed continually into the next well containing 80ul of
Tris-Cl until a 5-fold dilutions series was created. Five (5)ul of each standard was then
mixed with 45ul mastermix and 10ul was aliquoted onto the 384-well plate in triplicate

as for the samples and blanks, above. The plate with all components loaded was run on

the LightCycler® LC 480 II (Eppendorf, Mississauga, ON, CAN).

4.2.5.3 Reaction conditions and parameters

Run conditions for both MCP-1 and TNF-a were identical with the exception of
the annealing temperature. Real-time PCR parameters consisted of a hot start at 94°C for
2 minutes followed by 45 cycles of 94°C, 60°C for MCP-1 or 62°C for TNF-a, and 72°C
in sequence each held for 30 seconds. This was followed by a melt curve containing
premelt at 95°C for 10 seconds, 65°C 1 minute, 70°C for 1 second, followed by a melt
curve from 70°C to 95°C where 5 acquisitions were taken with an increasing temperature

gradient of 1°C, and held at 20°C for 1 second.
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4.2.6 Data normalization

The reference gene used to normalize both MCP-1 and TNF-o was
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Pal 2011). GAPDH was chosen
as the internal standard since the gene has been demonstrated to possess a constant level
of gene expression among all cells in liver tissue enabling correction for experimental
variation (Lisowski et al. 2008; Xu et al. 2011). The real-time assay was prepared
identically to both MCP-1 and TNF-a using the liquid handling robot. The mastermix
contained: UltrapureTM DNase/RNase-free distilled water, 1X PCR buffer, 2.5 mM
MgCly, 0.2 mM GeneAmp dNTP mix, 0.4 uM forward primer, 0.4 uM reverse primer,
0.8 U GoTaq DNA polymerase, and 1X Evagreen® (Biotium, Hayward, CA, USA).
Real-time PCR parameters consisted of a hot start at 95°C for 2 minutes followed by 40
cycles of 95°C for 10 seconds, 61°C for 20 seconds, and 72°C for 30 seconds. This was
followed by a melt curve containing premelt at 95°C for 10 seconds, 65°C 1 minute,
70°C for 1 second, followed by a melt curve from 70°C to 95°C where 5 acquisitions
were taken with an increasing temperature gradient of 1°C, and held at 20°C for 1
second. Ratios were calculated by dividing the concentration of each gene (calculated as
the geometric mean of the triplicate samples, by the LightCycler® LC 480 II software) by

the reference gene resulting in a normalized gene expression ratio.
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Table 1. GenBank sequences where regions with the largest homology were used to

design primers for mink (Neovison vison) MCP-1 sequence testing.

Species GenBank accession number
Ferret (Mustela putorius) EZ 470131

Ferret (Mustela putorius) EZ 509795

Cat (Felis catus) DQ 835566

Dog (Canis lupus familiaris) NM_ 001003297
Humans (Homo sapiens) NM_ 002982

Horse (Equus caballus) EU438774

Pig (Sus scrofa) NM 214214
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Table 2. Mink (Neovison vison) GAPDH, MCP-1, and TNF-a primer pairs designed from homologous sequences using the software

Primer 3. A, B: Primers used to amplify mink specific MCP-1 for sequencing. C, D: T7 promoter labeled primers for in vitro

transcription producing copy RNA. E, F, G: Real time primers for the qRT-PCR assay.

Target

Primer Pairs

Forward primer

Reverse primer

GenBank accession

numbers

A) MCP-1
B) MCP-1

C) MCP-1

D) TNF-a

E) MCP-1
F) TNF-a

G) GAPDH

F89/R309

F20/R320

T7 F2/dt R280

T7 F40/dt R419

F149/R266

F81/R199

F36/R119

5’-tctccagtcacctgetgceta-3’
5’-ctectetgectgetgete-3°

5’- taatacgactcactataggg
ctcctetgectgetgete-3°
5’-taatacgactcactataggg
ggcccagacagtcaaatcat-3’

5’-agcagcaagtgtcccaaag-3’
5’-agcctgtagctcatgttgt-3°

5'-aatgcctectgtaccaccaa-3’

5’-attcatggctttgcagtttg-3’
5’-tcagagtgagtattcatggcttt-3’

5°-ttttttetttt
gcagtttggttctgggttt-3°
5°-ttttttttt
tagacccctcccaggtagatg-3°
5’-gggttttctt-gtccaggtgt-3°

5’-cactattagctggttgtctgt-3’

5'-ggtcatgagtccetccacaa-3’

Refer to Table 1
Refer to Table 1

HQ 163895

GU 327784

HQ 163895
GU 327784

AF 076283
Pal 2011
Rouvinen-Watt et al. 2012




Table 3. Mink (Neovison vison) nucleotide and amino acid sequence for MCP-1

submitted to GenBank.

Target Nucleotide sequence (5’- 3’) GenBank accession
number
MCP-1 tetectetgectgetgetcacegeegetgecatcageatccaggtgetege HQ163895

ccagccagatgcaattaattctccagtcacctgetgctacacattcaccaat
aagaagatctcagtgcagaggctgacgagctataagagagtcaccagea
gcaagtgtcccaaagaagetgtgatcectcaagacattecttaacaaggaga
tetgegetgaccecagtcagaagtgggtececgggattecatggeacacctg
gacaagaaaacccagaaccaaactgcaaageca

MCP-1 LLCLLLTAAAISIQVLAQPDAINSPVTCCYTFTN ADMZS87307
KKISVQRLTSYKRVTSSKCPKEAVILKTFLNKEI
CADPSQKWVRDSMAHLDKKTQNQTAKP
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4.3 Bile duct histological quantification

Hematoxylin and eosin stained slides were used to determine the quantity of bile
ducts present in the portal triads of each treatment. One slide per sample was randomly
coded indicating that observations were blind to both treatment and sex of the mink.
Slides were analyzed using a digital imagining system containing a light microscope
(Leica DM500, Leica Microsystems Ltd., Switzerland) with a digital colour microscope
camera (Leica Application Suite EZ, LAS EZ, Leica Microsystems). Each slide had two
liver slices present and the slice with the least amount of artifacts and best clarity was
chosen for analysis. Slides were divided into four equal quadrants by using the stage
micrometer. Slides were scanned with the 10x objective and one portal triad was chosen
per quadrant to be imaged at 400X magnification. Portal triads were chosen based on the
criteria that portal triads must have a hepatic artery, hepatic vein, and bile ducts present,
fit into one 40x focal view, and have no artifacts present. Photos were analyzed using
Image Pro Plus 7.0 software (Media Cybernetics, Bethesda, MD, USA) and were
processed using a high Gaussian resolution and/or sharpening when required. Bile ducts
were counted on each photo and manual tags were saved. Bile ducts were tagged based
on the characteristics that the duct possessed cuboidal shaped epithelium with a visible

lumen (Demetris et al. 1996; Ross and Pawlina 2006).
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Figure 2. Portal triad of a female fasted for five days containing a portal vein (PV),

hepatic artery (HA), and bile ducts. Black asterisks indicate presence of a bile duct with

corresponding numbers. The image represents one focal view at 40X magnification.
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4.4 Statistical Analyses

The experimental design used was 2 x 6 factorial with two sexes and six treatment
groups. The data were analyzed using Proc Mixed in SAS version 9.2 (SAS Institute Inc.,
Cary, NC, USA) to examine the effects of the sex and the fasting regimes and their
interaction on the measured variables. A Pearson’s correlation coefficient was calculated
between the response variables using SAS version 9.2, while a linear regression analysis
was performed to examine the relationship between the mRNA expression levels. Log
transformations were performed on MCP-1, TNF-a, and average bile duct data to achieve
normality. Graphs represent back-transformed data with transformed p-values and
statistical significance was set at P= 0.05. The results are presented as Ismeans + standard

error of the mean (SEM).
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CHAPTER 5.0 RESULTS

5.1 Glyceraldehyde-3-phosphate dehydrogenase mRNA levels
Normalizing gene GAPDH had no significant treatment, sex, or interaction effect

(P=0.124; P=0.446; P=0.343; Pal 2011).

5.2 Tumour necrosis factor alpha mRNA levels

The TNF-a qRT-PCR assay had an efficiency of 1.95 with a R*= 0.993.
Coefficient of variation for the assay was 18.17%. For TNF-a, fasting mink for 1-7 days
and RF resulted in a significant treatment effect, while no sex effect or interaction effects
between treatment and sex were observed (Table 4). Normalized liver mRNA expression
of TNF-a was the highest in male and female mink fasted for 5 days, although there was
no significant difference from mink fasted for 7 days. Fasting for 5 days resulted in
greater than 1.5-fold difference from 0, 1, and 3 treatments, while having a greater than
4.5-fold difference from the RF treatment. Similar effects were found with 7 days
resulting in a greater than 1.5-fold difference from 0, 1, and 3 days, while having a
greater than 4-fold difference from mink in the RF treatment. The lowest expression of
TNF-a was the mink in the RF treatment. There was no significant difference between in

the 0, 1, 3, and RF treatments.
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Table 4. P-values for analysis of TNF-a liver mRNA expression levels normalized to
GAPDH in mink fasted 0, 1, 3, 5, or 7 days or fasted for 7 days followed by a period of

re-feeding of 28 days. P<0.05 indicates statistical significance.

Effect P-value
Treatment 0.029
Sex 0.127
Interaction 0.168
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0.0001

Group

Figure 3. Effect of fasting on liver TNF-o/GAPDH mRNA expression ratio in mink
fasted 0, 1, 3, 5, or 7 days or fasted for 7 days followed by a period of re-feeding of 28
days. Differing letters indicate significant differences between groups (P<0.05).
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5.3 Monocyte chemoattractant protein-1 mRNA levels

The MCP-1 qRT-PCR assay had an efficiency of 1.94 with R*= 0.997 and all
samples peaking within the standard curve. Coefficient of variation for the assay was
9.6%. The MCP-1 assay resulted in a significant treatment effect, while having no sex
effect or interaction effect (Table 5). Mink fasted for 7 days resulted in the highest liver
mRNA expression of MCP-1; however not significantly different from mink fasted for 5
days. Fasting for 5 and 7 days resulted in a greater than 2.5-fold difference from
treatments 0, 1, and 3, while having a greater than 4.5-fold difference from the RF

treatment. The lowest expression of MCP-1 was present in mink in the RF treatment.
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Table 5. P-values for analysis of MCP-1 liver mRNA expression levels normalized to
GAPDH in mink fasted 0, 1, 3, 5, or 7 days or fasted for 7 days followed by a period of

re-feeding of 28 days. P<0.05 indicates statistical significance.

Effect P-value
Treatment <0.001
Sex 0.242
Interaction 0.339
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Figure 4. Effect of fasting on liver MCP1/GAPDH mRNA expression ratio in mink

fasted 0, 1, 3, 5, or 7 days or fasted for 7 days followed by a period of re-feeding of 28
days. Differing letters indicate significant differences between groups (P<0.05).
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5.4 Bile duct quantification

Histological evaluation of the number of bile ducts per foci revealed that there
was no significant treatment, sex, or interaction effect observed (Table 6). Male mink
fasted for 5 days had the highest average of bile ducts with 2.30+0.215 per field of view,
while female mink fasted for 7 days had the lowest with 1.50+0.196 per field of view

(Table 7).
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Table 6. P-values for analysis of bile duct numbers per field of view in mink fasted O, 1,
3, 5, or 7 days or fasted for 7 days followed by a period of re-feeding of 28 days. P<0.05

indicates statistical significance.

Effect P-value
Treatment 0.754
Sex 0.200
Interaction 0.221
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Table 7. Average number of bile ducts present per focal view of mink fasted 0, 1, 3, 5, 7
days or fasted for 7 days followed by a period of re-feeding of 28 days, standard error of

means in parentheses.

Treatment Average number of bile ducts
Male (SEM) Female (SEM)

0 1.85(0.215) 2.00 (0.215)
1 1.80 (0.215) 1.90 (0.215)
3 1.70 (0.215) 2.00 (0.215)
> 2.30(0.215) 1.70 (0.215)
7 1.90 (0.215) 1.50 (0.196)
RF 220 (0.215) 1.80 (0.240)
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5.5 Correlations between response variables

Comparison of liver mRNA expression levels of TNF-a and MCP-1 resulted in a
significant correlation (Table 8). TNF-o was also strongly correlated with liver fat
percent, while MCP-1 was only marginally correlated (Table 8). A significant linear
relationship was present between MCP-1 and TNF-a as follows MCP-1/GAPDH =

0.0138 + 147.237 x (TNF-a/GAPDH), R?= 0.475, P< 0.001 (Figure 5).
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Table 8. Correlation of TNF-o and MCP-1 normalized to GAPDH with each other and

with liver weight, liver fat percent, and number of bile ducts per field of view.

Variables

Correlation coefficient, r

P-value

TNF-0/GAPDH vs

TNF-0/GAPDH vs

TNF-0/GAPDH vs

. MCP-1/GAPDH
. liver weight

. liver fat percent

TNF-o/GAPDH vs. avg. no. bile ducts

MCP-1/GAPDH vs

MCP-1/GAPDH vs

MCP-1/GAPDH vs

. liver weight
. liver fat percent

. avg. no. bile ducts

0.689

0.209

0.478

-0.044

0.144

0.223

0.172

<0.001

0.108

<0.001

0.738

0.272

0.086

0.188
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0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012 0.0014 0.0016

TNF-o/GAPDH

Figure 5. Linear regression demonstrating the relationship present between TNF-o and
MCP-1 liver mRNA expression levels, MCP-1/GAPDH = 0.0138 + 147.237 x (TNF-a
/GAPDH), R*= 0.475, P< 0.001.
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CHAPTER 6.0 DISCUSSION

6.1 Induction of hepatic steatosis in mink

Quantifying liver mRNA expression of the targets TNF-a and MCP-1 in a fasting
model is innovative. Mink from the current study possessed a significantly lower body
weight following 5 and 7 days of fasting, while 1 and 3 days did not differ from day 0
(Rouvinen-Watt et al. 2010). When considering liver lipid mass and liver lipid
percentage there was a significant increase in mink fasted for 3-7 days in comparison to
control animals (Rouvinen-Watt et al. 2010). In the mink fasted for 0 and 1 days the liver
fat percent was on average 6%, while in the mink fasted for 3 days it increased to above
13%. Prolonged fasting for 5 and 7 days resulted in the highest liver fat percentages of
19.0 and 19.7%, while the mink in the RF treatment had the lowest liver fat content of
5.3%. Previous studies by Clausen (1992), Bjornvad et al. (2004) and Mustonen et al.
(2005) have documented the effects of fasting in mink on liver weight and lipid content,
which support our current findings of mink fasted for 1-7 days. In cats, Biourge et al.
(1994) discovered that hepatic lipidosis was observed in 12 of 15 cats after 5-7 weeks of
fasting associated with a 30-35% decrease in total body weight. These studies are
supported in humans where Moller et al. (2008) found that fasting of lean males for 36
hours resulted in an increase in intrahepatic lipid profiles measured via magnetic
resonance spectroscopy (H-MRS). Furthermore, cases of anorexia nervosa have been
reported with marked increases in liver weight and the development of steatosis (Sakada
et al. 2006). The increased liver lipid profiles demonstrated in the preceding fasting

models are similar to those of obese models (Fabbrini et al. 2010). Westerbacka and
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associates (2005) found a positive correlation between dietary fat and liver lipid content
in overweight non-diabetic women, while Pietildinen et al. (2005) concluded that
acquired obesity is associated with an increase in liver fat and insulin resistance
independent of genetic factors. Kotronen and colleagues (2007) supported these results
by concluding that obese patients with the metabolic syndrome had higher lipid profiles.
In cats, development of FIHL has been demonstrated only in animals with a history of
obesity (Blanchard et al. 2004). The collective effects of fasting and diet induced obesity
render both approaches as ideal methods to induce fatty liver disease due to their

significant association with liver lipid content.

6.2 Mink TNF-a mRNA liver expression

Our results show that fasting mink for 1-7 days and RF resulted in a significant
treatment effect with mink fasted for 5 and 7 days having the highest liver mRNA
expression of TNF-a. The role of TNF-a in the progression of NAFLD to NASH has
been previously documented by several studies. In human models, Crespo et al. (2001),
Guerra Ruiz et al. (2007), and Cayon et al. (2008) found that obese patients with NASH
had a significant increase in liver mRNA expression of TNF-o when compared to obese
control patients without NASH. Bertola et al. (2010) discovered a 4.6-fold difference in
TNF-a mRNA expression when comparing obese NASH patients to obese patients with a
histological scored diagnosis of steatosis. In mice, Park ez al. (2010) demonstrated that
obesity resulted in an elevation in mRNA and protein levels of TNF-a in normal livers
and livers with hepatocellular carcinoma, while Endo ef al. (2007) were able to stimulate

an increase in liver weight and hepatic triglyceride levels by injecting human
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recombinant TNF-a into fasted mice. A report by Lin ef al. (2000) indicated that leptin
deficient mice administered metformin reversed the effects of fatty liver disease by a
method that involves inhibition of hepatic expression of TNF-a and TNF-inducible
factors that promote hepatic lipid accumulation. Hepatic expression of TNF-a has also
been demonstrated to be increased in alcohol-induced fatty liver disease (ALD), which
resembles the development of obesity and fasting induced hepatic steatosis (Iimuro et al
1997, Lin et al. 1998). A study by Yin and associates (1999) discovered that TNF-
receptor-deficient mice were completely protected from developing steatohepatitis
induced by alcohol. Diethl (2001) found that TNF-o was incapable of inducing fatty liver
disease in diabetic mice leading to the conclusion that TNF-a is not the sole stimulant
that triggers the development of fatty liver. In the mink from the current study, Pal (2011)
found based on liver NAI scores that after the fifth day of fasting the mink had an
increase from mild to moderate fatty liver. The increase in NAI scores was shown to
occur at the same time point when an increase in liver TNF-a mRNA expression levels
was established. This indicates that mink liver TNF-a mRNA levels may respond to
fasting similarly to the other species mentioned above. These studies support the
conclusion that liver TNF-a mRNA expression levels have a positive relationship with
hepatic steatosis and its progression to NASH, whether it be stimulated by fasting,

obesity, or alcohol.

Several studies have demonstrated the relationship between TNF-a and the
development of fatty liver, but the pathological mechanisms remain unclear. TNF-a is an
inflammatory cytokine that has the capability of hindering lipid and glucose metabolism,
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which both promote the development of fatty liver (Popa et al. 2007). Fatty liver
develops when the uptake and synthesis of FA occurs at a rate faster than the oxidation
and secretion from the liver, which is associated with the development of insulin
resistance (Fabbrini ef al. 2010). TNF-a induces insulin resistance by interfering with
insulin signaling mainly through a serine-phosphorylation and a tyrosine-
dephosphorylation of the insulin receptor susbstrate-1 (IRS-1) causing inactivation and
degradation of the receptor (Matsuzawa 2005; Capurso and Capurso 2012). TNF-a
further promotes insulin resistance by reducing glucose transporter 4 (Glut-4) expression
in peripheral tissue resulting in a decreased glucose transport and attenuating adiponectin
expression (Trayhurn and Wood 2005; Tessari et al. 2009). The inhibition of insulin
signaling results in increased lipolysis, glycogenolysis, and gluconeogenesis in the liver
increasing circulating levels of glucose and FFA (Savage ef al. 2007). TNF-a facilitates
the development of fatty liver by increasing production of FFA from both adipose tissue
and liver by lipolysis and increasing de novo FA synthesis by increasing levels of hepatic
citrate leading to hypertriglyceridemia (Hotamisligil ef al.1995; Chen et al. 2009;
Yoshida ef al. 2010). In the same mink from this study, ACC-1 and FAS liver mRNA
expression levels increased in response to fasting suggesting that hepatic DNL further
promotes the development of fatty liver by increasing the availability of MUFA for
storage (Rouvinen-Watt et al. 2012). TNF-a furthermore affects the oxidation and
secretion of FFA by diminishing clearance of VLDL from the liver, stimulating over
production of VLDL, decreasing expression of apoE in hepatocytes resulting in TAG rich
lipoproteins remaining in circulation for a longer period of time, and altering the

phenotypic state of pre-adipocytes resulting in the inability to store lipids properly (Popa
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et al. 2007; Qin et al. 2008; Isakson et al. 2009). Given the role that TNF-a plays in lipid
and glucose metabolism TNF-a may be responsible for the increase in the NAI score

enhancing disease progression, although further research is required to confirm this.

Obesity and inflammation are highly integrated processes in the pathogenesis of
insulin resistance, diabetes, dyslipidemia, and NAFLD. Simple steatosis is defined by the
accumulation of TAG in liver cells accounting for greater than five percent of total liver
weight (Brunt ef al. 2009). In our study we found that TNF-a liver mRNA expression
levels had a strong correlation with liver fat percent, which is a novel finding. In subjects
with the metabolic syndrome, which shares many pathological similarities to NAFLD,
liver fat content was significantly increased when compared to those subjects without the
syndrome, independent of age, gender, and body mass index (Kotronen et al. 2007). In
mice, dosing with TNF-a resulted in an increase in liver weight and hepatic TG levels
including in a fasted state (Endo et al. 2007). Supporting this conclusion a previous study
showed that TNF-a induced an increase in hepatic TG production, causing
hyperlipidemia in mice (Feingold et al. 1989). Our study is the first to document the
correlation between TNF-a liver mRNA expression and liver fat percent in mink, which
further demonstrates the potential involvement of inflammation in the excessive

accumulation of lipids in the liver and the development of hepatic lipidosis.

6.3 Mink MCP-1 mRNA liver expression

MCP-1 is a chemokine that has been implicated in the transition from simple

steatosis to steatohepatitis by recruiting macrophages to liver tissues. Our data suggests
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that mink liver mRNA expression levels are positively associated with period of fasting
since mink fasted for 5 and 7 days were significantly different from those fasted for 0, 1,
3, and re-fed treatments. Several studies have documented the involvement of MCP-1 in
the development of liver inflammation in various fatty liver models. In morbidly obese
patients, Bertola and associates (2010) found that those patients with NASH had a higher
mRNA expression of MCP-1 when compared to controls. Using LDLr "~ mice as an
animal model of high-fat, high-cholesterol diet-induced liver steatosis Rull ez al. (2009)
found that the rapid dietary induction of hepatic mRNA MCP-1 expression was paralleled
by a simultaneous increase in plasma MCP-1 that was strongly associated with the degree
of liver steatosis. In a similar study using apolipoprotein E-deficient mice that develop
atherosclerosis and steatohepatitis in response to high-fat and cholesterol diets resulted in
an increased liver expression of MCP-1 (Tous et al. 2006). These results were supported
by another mouse model where steatosis was induced using a diet devoid of methionine
and choline (MCD) leading to an increase in the hepatic expression levels of MCP-1
mRNA (Luyendyk et al. 2010). Kassel et al. (2010) built on the MCD model by
concluding a MCP-1 deficiency did not impact liver steatosis or inflammation in mice fed
the MCD diet. However, MCP-1-deficiency reduced profibrogenic gene expression and
liver fibrosis in this model. In alcohol-induced models of fatty liver, Bautista (1998),
Maher (2008), and Nanji et al. (2001) have shown that MCP-1 is up regulated in the
presence of alcohol-induced necroinflammatory changes in the liver in rats. In humans
with alcoholic hepatitis, Degré and associates (2012) found that patients demonstrated
significantly higher hepatic MCP-1 mRNA expression levels than control subjects, which

was correlated with disease severity and neutrophil infiltrates. The collective effects
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demonstrated by the use of several different animal models strengthen the conclusion that
MCP-1 is involved in liver inflammation associated with the development of

steatohepatitis whether it be diet, alcohol, or fasting induced.

The infiltration of macrophages into liver tissue is a critical contributing factor in
the development of chronic inflammation and the development of NASH, which is
regulated by the expression of both MCP-1 and its corresponding receptor CCR2 present
on endothelial cells, macrophages, Kupfter cells, and HSC (Obstfeld et al. 2010). Hepatic
macrophages are classified into two populations, resident Kupffer cells and recruited
macrophages (Miura et al. 2012). These populations can be divided into two phenotypes
being M1 pro-inflammatory macrophages and M2 anti-inflammatory macrophages
(Mantovani et al. 2004). Miura and associates report that macrophages of wild-type (WT)
mice with steatosis induced by a choline-deficient amino acid-defined (CDAA) diet
expressed high levels of TNF-o and MCP-1, but cells of CCR2” mice do not. This
indicates that recruited macrophages are M1 pro-inflammatory, while Kupfter cells are
less inflammatory with a lower CCR2 expression. These results are supported by
Obstfeld and associates (2010) where recruited bone-marrow derived macrophages
possessed a higher expression of CCR2 and the M1 inflammatory phenotype than
Kupfter cells. In genetically obese db/db mice, Tamura et al. (2008) found that a
pharmacologic antagonist of CCR2 reduced hepatic steatosis. In two in vivo models,
Baeck and colleagues (2012) found that administering the CCR2 inhibitor mNOX-E36 to
mice effectively inhibited monocyte chemotaxis to the liver. These results were further

supported by using the inhibitor on CCly and MCD diet-induced mice models
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significantly reduced the infiltration of macrophages into the liver, decreased the hepatic
expression of TNF-o, and a lower level of fatty liver degeneration leading to ameliorated
hepatic steatosis was detected in mice treated with mNOX-E36 (Baeck et al. 2012). The
reduced infiltration of pro-inflammatory macrophages into liver tissue and the consequent
amelioration of steatosis further demonstrate the importance of MCP-1 and CCR2 in the

progression of chronic inflammation and the development of NASH.

Excess hepatic fat accumulation occurs when the homeostasis of FFA [3-
oxidation, exportation by lipoproteins, or storage by esterification is disrupted (Feldstein
et al. 2004). Liver MCP-1 mRNA expression showed a marginally significant correlation
to liver fat percent. This increase in liver expression of MCP-1 indicates a marked change
in liver structure. Greco ef al. (2008) analyzed the livers of NAFLD patients containing a
high liver fat percentage and controls with a low liver fat percentage by qRT-PCR and
microarray analysis. Their results showed a significant correlation between liver fat and
MCP-1 liver mRNA and gene expression. These findings were supported by Westerbacka
et al. (2008) who used patients with varying liver fat percentages ranging from normal to
NAFLD and found that there was a positive correlation between liver fat percent and
MCP-1 liver mRNA expression measured via qRT-PCR. In C57BL/6 male mice, Stanton
et al. (2011) discovered a high fat diet resulted in significant increases in liver mRNA
expression for MCP-1 levels at 16 and 26 weeks on the diet. In obese mice, an absence of
the C-C motif chemokine receptor-2 protected the liver against an accumulation of lipids
(Weisberg et al. 2006). These studies together indicate that liver fat accumulation is

positively associated with liver MCP-1 mRNA levels subsequently leading to the
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development of fatty liver disease.

6.4 Effect of re-alimentation on TNF-a and MCP-1 mRNA expression

The effect of re-feeding of fasted animals on the mRNA expression levels of
TNF-a and MCP-1 has not been well documented. Our study showed that mink in the RF
treatment had the lowest TNF-a and MCP-1 liver mRNA expression levels and returned
to baseline levels since there was no significant difference from those mink fasted for 0,
1, and 3 days. A similar study was conducted by Straus and Takemoto (1990) measuring
insulin-like growth factor-1 (IGF-1) liver mRNA from rats that were short-term fasted
and re-fed for 24 hours finding that mRNA levels rebounded after fasting, but not to the
initial control levels. Renier and associates (1996) demonstrated that there was a positive
correlation between IGF-1 and TNF-a since IGF-1 is a monocyte/macrophage activating
factor that enhances TNF-a production. A contrasting relationship has been demonstrated
in rats fasted short-term for 8 hours and re-fed ad-libitum for 3 hours revealing that the
liver expression levels of genes involved with FA oxidation, peroxisome proliferator
activated receptor alpha (PPAR-a), and carnitine palmitoyltransferase 1a (CPT1) were
significantly increased after 8 hours and returned to control levels after re-feeding (Palou
et al. 2008). Kersten et al. (1999) support this relationship elucidating that PPAR-a
mRNA levels increase in response to fasting to accommodate the increased demand for
hepatic FA oxidation, a response that is shown in PPAR-o null mice who develop hepatic
steatosis in response to fasting. In endothelial cells, PPAR-a has been demonstrated to
elevate the expression levels of MCP-1 and TNF-a (Lee et al. 2000). The effect of

fasting on the liver stimulates an increase in IGF-1 mRNA expression, which has a
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negative association with the expression of PPAR-a and sterol regulatory element
binding protein-1 (SREBP-1). Re-alimentation after fasting resulted in mRNA expression
levels of IGF-1, PPAR-a, and SREBP-1 returning close to or lower than baseline levels.
Given the relationship TNF-o and MCP-1 have with these proteins, one would expect
that the mRNA expression would increase in response to fasting and returning to baseline
levels in response to re-feeding, which supports the effect demonstrated when mink are
re-fed after a period of fasting. TNF-a and MCP-1 liver mRNA expression levels
returning to baseline after re-alimentation along with the moderate recovery of body
weight, liver fat percent, and liver morphology indicates that inflammation can be

diminished and homeostasis can be restored after a period of re-feeding (Rouvinen-Watt

et al. 2010).

6.5 Correlation between TNF-a and MCP-1

Communication among cells is accomplished by the secretion and binding of
proteins (O’Shea and Murray 2008). Cytokines and chemokines are released after a cell is
triggered by a specific cue and may act in an autocrine, endocrine or a paracrine fashion
(Coppack 2001). Fasting mink resulted in a strong correlation between TNF-o and MCP-
1 liver mRNA expressions. This relationship is supported by Murao et al. (2000)
indicating that TNF-a is capable of stimulating the release of MCP-1 from vascular
endothelial cells. In human liver cells, incubation with TNF-a resulted in a 1.6-fold
increase in the secretion of MCP-1 (Marra et al. 1993). Administration of LPS, TNF-a.,
or IL-1 to rats resulted in a hepatic increase in MCP-1 expression in vivo (Czaja et al.

1994). In male mice, Stanton et al. (2011) discovered significant increases in liver mRNA
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expression for both MCP-1 and TNF-a levels at 16 and 26 weeks on a high fat diet.
Given the ability of TNF-a to stimulate MCP-1 expression, and their demonstrated roles
in the development of NAFLD and NASH, TNF-a and MCP-1 are both ideal candidates

as biomarkers in the development of these liver diseases.

6.6 n-3/n-6 fatty acid ratios

The development of nursing sickness and the subsequent hepatic lipidosis has
been implicated with an unfavorable n-3/n-6 PUFA ratio similar to that of humans with
NAFLD and the metabolic syndrome (Rouvinen-Watt et al. 2010). Food deprivation has
been associated with mobilized fat stores that favor the depletion of n-3 PUFA leading to
an increase in FA and TAG synthesis increasing liver lipid accumulation (Mustonen et al.
2009, Nieminen et al. 2009). In the mink in our study, fasting for 1-7 days resulted in
significantly lower n-3 PUFA proportions in liver tissues (Rouvinen-Watt et a/l. 2010)
and is supported by studies on fasting in the American marten and raccoon dog
(Mustonen et al. 2007, Nieminen et al. 2006). An increase in FA in the cell membranes
of hepatocytes results in an increase in the synthesis of pro-inflammatory eicosanoids in
the liver. Rapid fluctuations in liver n-3/n-6 PUFA ratios may be a contributing trigger to
the inflammatory response demonstrated in our study explaining the significant

correlation in liver mRNA expression of TNF-o and MCP-1.

6.7 Bile duct proliferation
Fasting mink had no significant effect on the bile duct proliferation and did not

result in any difference in the quantity of bile ducts present per foci. The quantity of bile
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ducts has been implicated as having a positive relationship with the progression of
disease severity in NAFLD which our results do not support (Sasaki et al. 2010; Chiba et
al. 2011). In bonnet monkeys with NAFLD Nagarajan and associates (2008) reported a
ductular reaction/proliferation as indicated by newly formed bile ducts in the portal area
surrounded by fibrosis. Our study involved the quantification of bile ducts present within
one field of view and all of those portal triads that didn’t fit were omitted. There is a
possibility that omitting larger portal triads limits the variability demonstrated and thus
future studies would focus on imaging the entire slide to capture more variation. Another
explanation for the limited variability in bile duct proliferation may indicate that the
development of NAFLD may not be advanced enough to demonstrate sufficient variation
among portal triads to achieve statistical significance. In these mink, Pal (2011) reported
that mink fasted for 0, 1, and 3 days developed mild fatty liver according to mean NAI
scores, while mink fasted for 5 and 7 days had moderate fatty liver. This further supports
the idea that a more advanced disease progression may be necessary for any significant
changes in bile duct morphology to become apparent. Nagarajan et al. (2008) indicate
that newly formed bile ductules were associated with fibrosis, which was not present in
the liver of the fasted mink in the study (Pal 2011). Future studies should focus on

immunostaining enabling a more assured identification of bile ducts in the liver.
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CHAPTER 7.0 CONCLUSION

In summary, fasting of mink resulted in an increase in liver mRNA expression of
both MCP-1 and TNF-a with the highest expression occurring in mink fasted for 7 and 5
days, respectively. Fasting mink resulted in a significant correlation between TNF-a and
MCP-1 liver mRNA expression levels, while TNF-a was also strongly correlated with
liver fat percent. An increase in liver inflammation may be explained by the excess
mobilization of n-3 PUFA resulting in a pro-inflammatory physiological state and the
increase in liver lipids, which is correlated with an increase liver mRNA expression of
TNF-a. Re-feeding mink after a period of fasting returned liver mRNA expression levels
of TNF-a and MCP-1 back to normal, which highlights the liver’s ability to restore
homeostasis after a period of re-feeding. Fasting had no significant effect on bile duct
quantity; however further research is required to determine whether a fatty liver disease
model with developed fibrosis would give a different result. In conclusion, this project
has identified two important biomarkers involved in the development of fatty liver in
mink, namely TNF-a and MCP-1. It is anticipated that future research will focus on the
development of in vivo testing for these inflammatory markers enabling early detection of

fatty liver in mink.
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