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Abstract

Non-alcoholic fatty liver disease (NAFLD) is recognised as a leading cause of liver related
mortality in Australia and worldwide. The prevalence of NAFLD related liver deaths is set to
increase to 85% of total liver related deaths in Australia by 2030. NAFLD is defined as the
presence of excess fat in the liver in the absence of significant alcohol consumption. There are
several risk factors which are associated with NAFLD including iron overload and
dysregulated lipid metabolism. It is estimated that around 30% of NAFLD patients present with
altered iron parameters. [ron has long been associated with the progression to late-stage liver
diseases such as fibrosis and hepatocellular carcinoma but the role of iron in initial NAFLD

development is not completely understood.

In the present study, I investigated the role of iron in initial fat accumulation and its role in
altering lipid metabolism using an in vitro and an animal model of NAFLD. The in vitro study
investigated the role of iron and fatty acid loading and its effect on mitochondrial bioenergetics.
AML12, a mouse hepatocyte cell line, was used to investigate how iron and fatty acid loading
alters parameters associated with mitochondrial bioenergetics such as basal respiration, proton
leak, spare respiratory capacity, non-mitochondrial respiration, and ATP production. The
results show that iron and fatty acid loading increases mitochondrial bioenergetic parameters.
Importantly, iron on its own as well, as in the presence of saturated (palmitic acid) and
unsaturated (oleic acid) fatty acids, was found to be the key driver of the increased changes
observed across all the parameters. The results indicate that iron and free fatty acid loading

may increase energy production in the mitochondria.

C57BL/6 mice were used as the dietary model of NAFLD to investigate the role of iron by
narrowing down on a concentration of carbonyl iron which is sufficient to load the liver and
mimic initial iron loading. Changes in gene expression associated with iron homeostasis, and
mitochondrial and peroxisomal fatty acid oxidation were investigated in the livers of mice fed
different concentrations of carbonyl iron. Liver morphology, along with hepatic and
mitochondrial non-haem iron (NHI), was also examined. The results indicated an increased
iron deposition in the liver with increasing iron concentration which was reflected by the
increased expression of Hamp I and was visible in the histological examination for iron staining
as well as the liver and mitochondrial NHI results. The liver iron concentration ranged from
3.9 £ 0.3 umol / giiver in mice fed 0.25% carbonyl iron to 15 £ 2.6 umol / gliver in mice fed 2%
carbonyl iron. The presence of inflammatory cells was also detected in the livers of mice fed

iron diet.
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To investigate the interaction between iron and fatty acid loading, another group of mice were
fed a control, iron loaded, high fat, or high fat + iron diet- It was interesting to note that the
high fat diet was able to reduce liver NHI compared to mice which were fed high fat plus iron.
Further results obtained from these studies indicated that iron and high fat diet had a differential
effect on iron metabolism, mitochondrial, and peroxisomal fatty acid oxidation genes.
Mitochondrial fatty acid oxidation genes (Acadm & Hadha) were downregulated in mice fed
an iron loaded control diet, but no significant change was observed in genes associated with
peroxisomal fatty acid oxidation whereas, in mice fed a combination of iron and high fat,
peroxisomal fatty acid oxidation genes (Acaala & Slc27a2) were upregulated. To investigate
the reason for the decreased liver NHI in the presence of high fat, gene expression of iron
homeostasis genes was investigated in the spleen and the duodenum. In the spleen, Hamp 1 was
downregulated in the mice fed the control plus iron diet compared to control, but the other
genes did not show any significant differences. In the duodenum, the control plus iron diet led
to a decrease in DmtI with Fpn exhibiting a decreasing trend. In the mice fed high fat plus iron,

Dmtl and Tfrl were upregulated compared to mice fed high fat alone.

The present study shows that cholesterol crystals form in the liver as early as the steatosis phase
in mice fed a high fat diet and there are significantly fewer when iron is present in the diet. To
my understanding, this is the first report linking iron to a decrease in cholesterol crystals in the
liver. This finding may have important clinical and therapeutic significance as cholesterol
crystals may drive inflammation and cause damage to the cell. Previous studies have linked
cholesterol crystals to non-alcoholic steatohepatitis, the more advanced form of NAFLD, but
not to steatosis which is the initial stage of NAFLD. The important and novel findings arising
from this project was the reduction of hepatic NHI by high fat diet and the presence of

cholesterol crystals in the liver of these mice.

In conclusion, the results obtained from this study indicate differential regulation of
mitochondrial, peroxisomal fatty oxidation and iron metabolism genes in the duodenum by
high fat, iron and high fat plus iron diet, presence of inflammatory cells in the liver of mice fed
iron loaded diet and a decrease in hepatic cholesterol crystals in the presence of high hepatic
iron. These findings are important because they manifest in the initial stage of NAFLD as
compared to the late stages which have been the focus of the majority of pre-clinical and
clinical studies. Iron and high fat driving changes in the early stages of NAFLD give an insight
into changes which may be clinically relevant to treating NAFLD. In addition, this study has

led to new questions such as the mechanism by which cholesterol crystals are reduced in the
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presence of iron in high fat diet, reduction of hepatic iron by high fat diet which will require

further investigation and are included as potential future directions.
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Chapter 1 Literature Review

1.0. General introduction

Non-alcoholic fatty liver disease (NAFLD) is predicted to be the next global epidemic given
the increasing incidence of obesity worldwide [1]. NAFLD consists of a spectrum of liver-
related disorders from simple steatosis to non-alcoholic steatohepatitis (NASH) to cirrhosis and
end-stage liver disease [2]. The prevalence of NAFLD in western populations is estimated to
be between 20 and 30%, [3] which increases to 90% in obese people [4]. NAFLD is considered
to be the hepatic manifestation of the metabolic syndrome, a set of four metabolic risk factors:

obesity, glucose intolerance, dyslipidaemia (including altered cholesterol) and hypertension
[5].

The liver is the metabolic centre of the body and an essential site for iron and lipid metabolism
and the main site for any potential interaction between them. Even a slight iron imbalance can
have serious clinical consequences, as there is no specialised mechanism for iron excretion.
Iron overload has been linked to the pathogenesis and progression of NAFLD, and although
the mechanism of action is not clearly understood, redox cycling is considered to be-of central

importance [6, 7].

Hepatic lipid metabolism is crucial to a healthy liver. Any imbalance in the uptake, synthesis
or breakdown of fatty acids can lead to hepatic steatosis, which is the first stage of NAFLD.
Both iron deficiency and overload can affect hepatic lipid metabolism. In rats, iron deficiency
has been shown to increase hepatic lipogenesis leading to triglyceride (TG) accumulation and
steatosis [8]. Reduced beta-oxidation of fatty acids is proposed to be the reason for the TG
accumulation; this then, can be linked to reduced expression of the hepatic long-chain fatty
acid fusion molecule, acyl-carnitine, in the iron deficient state, as two hydroxylases which are

involved in carnitine synthesis require iron [9].

Iron overload has been linked to progression of NAFLD [10], often attributed to increased
oxidative stress and lipid peroxidation [11]. In non-alcoholic steatohepatitis (NASH), oxidative
stress has been linked to cell death by depletion of adenosine triphosphate (ATP), nicotinamide
adenine dinucleotide (NAD) and glutathione, and further by damaging DNA, lipids and
proteins within hepatocytes [11]. The level of oxidative stress has been found to be reduced in
rats fed an iron-deficient diet [12]. In human biopsies from NAFLD patients, increased hepatic

iron has been associated with increased lipid peroxidation [13].

16



In summary, both iron deficiency and overload have clinical consequences and affect liver
metabolism. Moreover, iron overload has been linked to the pathogenesis and progression of
NAFLD. Different animal models have been used to study the effect of iron and fat overload
and deficiency in NAFLD. However, conflicting results have been obtained due to a variety of
factors, including differences in strain, sex and feeding duration [14, 15] which will be
discussed in detail in the coming chapters. The present study looks into the relationship

between iron and lipid metabolism in NAFLD using both in vitro and in vivo models.

1.1 Non-Alcoholic Fatty Liver Disease

Non-alcoholic fatty liver disease (NAFLD) is a collective term for a spectrum of chronic liver
disorders. It starts with an initial fatty deposition in hepatocytes (hepatic steatosis) where
histologically a minimum of 5% of the hepatocytes contain fat [16] exceeding 5-10% of the
liver weight [17] and may progress to NASH in which hepatocyte fat deposition is associated
with liver injury and fibrosis. The increase in the prevalence of NAFLD has occurred in parallel
with the rise in cases of obesity and diabetes [18], thus making it the most common cause of
chronic liver disease in western countries [19, 20]. The prevalence of NAFLD in the western
population is estimated to be between 30 and 40% in males, and 15 and 20% in females [20],
increasing to 90% in obese people [4]. The clinically significant form, NASH, has a lower
prevalence rate of about 2-3% in the general population [21] rising to 37% in the obese
population [22]. It is important to note that the burden of NAFLD is on the rise in children and
young adults, reported to be 3% in the general paediatric population rising significantly to 53%
in obese children [22, 23]. Recent evidence suggests that NAFLD takes the form of a
multisystem disease affecting not only the liver but other organs and regulatory pathways [24].
Metabolic syndrome and NAFLD share many factors including, among other things, high
circulating low-density lipoprotein (LDL)-cholesterol and triglycerides (TG), low high-density
lipoprotein (HDL)—cholesterol and insulin resistance (IR) [25].

As mentioned, iron has also been linked to NAFLD but interestingly, clinical trials on NAFLD
patients where phlebotomy was performed to deplete iron have yielded conflicting results.
Some studies [26-28] have reported improvement in liver enzymes and IR in patients with
steatosis, classified based on the NAFLD activity score, whereas a randomised, controlled trial
found iron removal by phlebotomy had no association with any significant changes in IR, liver
injury, assessed based on alanine aminotransferase (ALT), hepatic steatosis, lipid peroxidation,

or quality of life [29]. It is argued that some of these studies were single-arm or non-randomised
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and, therefore, prone to bias, not least by way of occurrence of “regression to the mean” [29].
Despite conflicting results in several human studies, the role of disordered iron metabolism in
NAFLD cannot be ignored. A recent study in two independent cohorts of European NAFLD
patients demonstrated that hepatic iron is a strong predictor of serum ferritin levels compared
to non-NAFLD controls [30]. Elevated serum ferritin has also been shown to be an independent
predictor of histologic severity in steatosis and NASH; moreover, it showed strong association
with fibrosis and NAFLD activity score, a widely used grading measure [31]. In summary,
there is a clear association of hepatic iron deposition with NAFLD, although the nature of this

association remains ambiguous.

1.2. NAFLD Pathogenesis

The pathogenesis of NAFLD is explained based on a two-hit hypothesis where the first hit is
the initial fat accumulation (steatosis). The progression from steatosis to NASH is not a sudden
change but develops over time where several insults sensitize the liver causing liver damage
due to the release of inflammatory cytokines/adipokines, mitochondrial dysfunction and
oxidative stress which contribute to NASH and/or fibrosis and fall under the second hit [32,
33]. Recently, with many more factors being linked to the pathogenesis and progression of
NAFLD, a new multiple hit theory has been proposed [34] which takes into account the
multiple insults. The current multiple-hit theory considers factors such as dietary habits,
environmental and genetic factors. These factors can lead to development of insulin resistance,
obesity and an altered gut microbiome. IR results in increased de novo lipogenesis (DNL)
which is linked to increased FA influx in the liver. Changes in gut flora are associated with
increased FA production in the bowel and thus increasing bowel permeability leading to
increased FA absorption. Genetic and epigenetic factors have been thought to affect hepatocyte

fat content, enzymatic processes and inflammation leading to progression of NAFLD [34].

The role of genetic factors in NAFLD pathogenesis has been linked to a number of single
nucleotide polymorphisms (SNPs) which have been associated with FFA flux, and cytokine
production [35]. Epigenetic modifications such as DNA methylation, histone modification and
changes in microRNA (miRNA) activities have also been linked to NAFLD pathophysiology
[36]. miRNAs have been found to influence biological processes such as glucose and lipid
metabolism which are also epigenetically altered in NAFLD [37, 38]. The progression of
NAFLD to NASH is also considered to be influenced by DNA methylation [39]
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The change in dietary habits of the world’s population has led to an increased prevalence of
obesity and IR [1]. The rise in the number of cases of obesity along with the development of
IR and environmental and genetic factors has proven to play an important role in the

pathogenesis of NAFLD [34].

IR has been linked to hepatic lipid accumulation [40]. As a consequence of fat accumulation,
there is a chain of events which include structural, morphological, ultrastructural, and
functional alterations leading to mitochondrial dysfunction along with oxidative and reactive
endoplasmic reticulum (ER) stress. All these parameters play an important role in the
progression of NAFLD [41]. The mechanisms involving these changes and their roles in

NAFLD are discussed in subsequent sections.

Intestinal absorption of monosaccharides has been linked to the gut microbiota, also leading to
increased DNL, and suppression of fasting-induced adipocyte factor, leading to the
accumulation of triglycerides in adipocytes [42]. Interestingly, it has been reported that the gut
microbiota are involved in choline metabolism, and dysregulation of choline metabolism can
lead to hepatic inflammation and damage [43]. The gut microbiota convert choline into toxic
dimethylamine and trimethylamine, which are rapidly absorbed by the liver and converted into
trimethylamine oxide (TMAO) causing hepatic inflammation [43]. Choline is an important
component of cell membrane phospholipids, and plays a crucial role in lipid metabolism
preventing abnormal hepatic lipid accumulation [44]. The mechanism behind this is thought to
be the activation of nuclear receptor, liver receptor homologue 1 (LRH-1) for which dilauroyl
phosphatidylcholine (DLPC) is an endogenous ligand. The activation of LRH-1 increases bile

acid biosynthesis lowers triglycerides and decreases serum glucose [45].

Apart from the various multiple-hits discussed above, data from our laboratory suggests that
iron plays an important role in the pathogenesis of NAFLD where it may act as part of the first
hit by increasing the initial lipid accumulation. It has been shown in mice that dietary iron
loading leads to up-regulation of the cholesterol biosynthesis pathway [46] and that iron

loading leads to increased fat accumulation in AMLI12 cells [227].

1.3. Iron and NAFLD

1.3.1. Iron Biology
Iron is an essential trace element and an important structural and functional component of many

physiological systems. Iron plays pivotal roles in oxygen transport and other biological
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processes such as DNA synthesis. Due to the redox properties of iron, its entry and storage in

mammalian systems are very tightly regulated.

The amount of iron entering the circulation is regulated at the level of duodenal enterocytes to
maintain a balance between iron absorption and loss. Absorption of non-haem iron is dependent
on the body’s requirements and existing iron stores. When the body has enough iron stored,
absorption is low. Irrespective of tight regulation, iron deficiency and iron overload can occur

and may have serious clinical consequences [47].

1.3.2 Hepatic Iron Metabolism

The liver plays a pivotal role in iron metabolism and is the primary storage site for iron. It
expresses a wide range of molecules which play an important role in iron transport and
homeostasis. Iron is crucial for all life forms due to its role in numerous cellular processes
including synthesis of DNA, cell proliferation and differentiation, gene regulation and drug
metabolism. Mammals, including humans, have limited ability to excrete iron [48] which
means iron balance has to be maintained completely through regulated iron absorption from
the diet [49, 50]. At physiological pH, iron, in its free form, is insoluble and also toxic.
Therefore, iron is always bound to specific ligands to render it soluble and non-toxic. The
toxicity of iron arises due to its ability to cycle between its oxidation states. The uncontrolled
release of an electron from ferrous iron may lead to the formation of reactive oxygen species
(ROS) which can oxidise lipids, proteins and DNA [51]. At the same time, biological systems
take advantage of the oxidation states and redox potential of iron and adjust the chemical

reactivity of iron to meet physiological needs [52].

In mammalian systems, iron is transported bound to the plasma glycoprotein, transferrin, which
is predominantly produced in the liver [53] but small amounts can also be synthesised in the
brain and testes [54, 55]. Transferrin concentration in normal human plasma is between 25 and
50 umol/L and is about one-third saturated with iron [56]. The buffering capacity is provided
by the remainder of the unoccupied binding sites on transferrin to counter any increase in
plasma iron, which is important given the toxicity of free iron. Upon uptake by the tissues, iron
is transferred to the cytosolic pool where it is stored in the form of ferritin or incorporated into
molecules such as haem or iron-sulphur clusters. About 80% of hepatic iron is in the form of
ferritin, 2-3% is haem and the remainder is in the transit pool (a pool of chelatable and redox

active iron) or bound to transferrin [57].
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The liver is responsible for three main functions in regard to iron homeostasis. It is the major
storage site of iron, it plays a very important role in the transport of iron from hepatocytes to
the circulation based on biological demand, and it is very important in regulation of iron
homeostasis by regulating the level of the iron regulatory hormone, hepcidin, which will be
discussed in detail in the next section. It has been confirmed histologically that iron is
distributed around the portal region of the liver and decreases in concentration towards the
central vein region. Under conditions of hepatic iron overload, this feature becomes very
prominent [58]. Hepatocytes are the most loaded cell type with lesser loading detected in
Kupfter cells [59]. Any dysregulation in the liver’s ability to maintain iron homeostasis paves
the way for iron-related disorders. Anaemia and iron overload are the most prominent iron-
related disorders affecting the global population [60]. Excess hepatic iron plays an important
role in the pathogenesis and progression of steatohepatitis, fibrosis, cirrhosis and hepatocellular

carcinoma [61].

1.4. Genes Involved in Liver Iron Homeostasis

The liver expresses a wide range of molecules which function in maintaining iron homeostasis,
including a complex range of genes that have been associated with iron-related functions. An
overview of systemic iron homeostasis is shown in figure 1.1. Transferrin receptor 1 (TFR1)
is a cell surface receptor which mediates cellular iron uptake by receptor-mediated endocytosis.
Diferric transferrin binds to TFR1 and is endocytosed [58]. The pH of the extracellular fluid is
more conducive to the binding of diferric transferrin than monoferric or apo- transferrin [59].
Acidification of the resulting endosome reduces the affinity of transferrin for iron, leading to
the detachment of iron [62], which is transported out of the endosome and into the cytosol by

DMT]I.

Iron regulates the expression of TFR1 by post-transcriptional modifications by iron regulatory
proteins (IRP1 and IRP2). These are cytoplasmic proteins which bind to iron-responsive
elements (IRE) present in the untranslated region (UTR) of mRNAs of several genes associated
with iron metabolism [63, 64]. The IRPs bind to the five IRE motifs in the 3> UTR of TFR1
mRNA [65]. The activity of IRPs is regulated by cellular iron. During low cellular iron levels,
the binding of IRPs protects the TFR1 transcript from degradation by nucleases allowing for
more translation and leading to increased TFR1 protein levels and subsequent iron uptake. The
opposite happens during cellular iron abundance, decreased IRP binding leads to the

degradation of TFR1 mRNA. Apart from IRPs, TFR1 mRNA has been thought to be regulated
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by endogenous ribonucleases [66, 67]. Recently, regnase-1, an endoribonuclease, has been
identified which targets the 3> UTR of TFR1 mRNA [68]. Regnase-1 has been found to be a
critical regulator of iron homeostasis by destabilizing mRNAs involved in iron homeostasis
including TFR1 and has also been found to facilitate duodenal iron uptake due to the
ribonuclease activity of Regnase-1 which destabilises prolyl-hydroxylase-domain-containing
proteins (PHD3) [68]. TFR1 expression is also regulated by other mechanisms including
hypoxia response element, where iron scarcity stimulates TFR1 gene transcription through
HIF-1a, a transcriptional activator of hypoxia-sensitive genes [69], cytokines, mitogens and

growth factors [69-72].

Iron endocytosed by TFR1 is transported from the endosome to the cytosol following reduction
to its ferrous state by the ferrireductase, six-transmembrane epithelial antigen of the prostrate
3 (STEAP3), through divalent metal transporter 1 (DMTI1), which is a transmembrane
glycoprotein [73]. DMT]1 is also known as natural resistance-associated macrophage protein 2
(NRAMP2), divalent cation transporter 1 (DCT1) and SLC11A2. It has four known isoforms:
1A/IRE(+), 1A/IRE(-), IB/IRE(+) and 1B/IRE(-) which differ in their N and C termini arising
from mRNA transcripts. The 1A/B denote the exon position of the isoforms at the 5'-end or 3'-
end, respectively, giving rise to mRNAs containing (+) or lacking (-) the IRE [74]. It has been
found that DMT1 operates as a metal-proton cotransporter depending on cell membrane
potential and at lower pH [75]. Apart from Fe*" there are several other divalent metal ions
which compete with iron for transport including Mn**, Cd*" and Co*" [75, 76]. It has been
shown that iron levels regulate DMT1 (+IRE) expression. The expression of the four isoforms
is organ specific. The 1A isoform is present in the polarised cells of the duodenum and kidney,
and the expression of the 1B isoform is ubiquitous. It should be noted that despite being present

in different cell types, all four isoforms transport Fe*" at the same rate.

In diseases of iron overload such as hereditary haemochromatosis and thalassaemia major there
is an unregulated supply of iron which is directed to the liver and thus the iron-carrying capacity
of transferrin is overwhelmed. This results in circulating non-transferrin bound iron (NTBI)
which is redox active and may prove to be toxic [77]. DMTI has been found to be a major
transporter of NTBI in hepatocytes [78]. Increased uptake of NTBI has been shown in cells
with upregulated DMT1 mRNA and protein expression [78]. The first evidence of NTBI uptake
by DMT1 was provided by Trinder et al. [79] who showed that DMT1 was present on the rat
hepatocyte plasma membrane and was elevated in iron overloaded conditions. DMT1 functions

optimally at an acidic pH and this is important because the duodenum and the endosome, which
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is formed from the plasma membrane, share a similar acidic environment which is optimal for
hydrolases and other enzyme activities [80]. A study in Xenopus oocytes has shown that DMT1
mediated modest H- uncoupled facilitative Fe** transport at pH 7.4 suggesting NTBI uptake

at the plasma membrane.

Export of iron from hepatocytes is solely via the iron export protein ferroportin (FPN), which
is under the control of hepcidin, the central regulator of systemic iron homeostasis. FPN has
been shown to be the receptor for hepcidin [81]. FPN is also regulated at the post transcriptional
level by IRE/IRP signalling, where iron overload promotes FPN transcription and deficiency
represses it [64, 82] but there also exists an isoform for FPN called FPN1B which lacks a 5’IRE
and is not post-transcriptionally regulated by iron [82]. In macrophages, FPN is also regulated
by hypoxia-inducible factor 2 (HIF2a), nuclear factor erythroid (NRF2) and metal regulatory
transcriptional factor 1 (MTF-1) at the transcriptional level [83-85]. Additionally, oestrogen
has been linked to iron metabolism through the regulation of FPN signalling. Oestrogen has
been shown to have an inhibitory effect on FPN expression through a functional oestrogen
response element (ERE) within its promoter region [86], which may explain some of the sex-

based differences seen in animal models of iron overload.

FPN is also known as solute carrier family 40 member 1 (SLC40A1), IREG] or metal
transporter protein 1 (MTP1). Three groups reported it independently in 2000 [87-89]. It has
been confirmed that FPN is highly expressed in cells and tissues involved with iron transport
such as duodenal enterocytes, liver macrophages, splenic red pulp macrophages, periportal
hepatocytes and placental syncytiotrophoblasts [90]. FPN-mediated iron transport requires
ferroxidase activity [82] which is provided by the multicopper oxidase, caeruloplasmin (CP).
Studies conducted between 1950 and 1970 demonstrated that copper deficiency in animals was
accompanied by iron deficiency and copper was essential for the release of iron from
macrophages and hepatocytes [91-93]. The importance of an oxidase in iron transport is
highlighted by two important factors, the first being that the reaction does not generate oxygen
radicals in contrast to spontaneous oxidation of iron and second, under low oxygen conditions,
when the oxidation of iron is low, the oxidase enhances iron oxidation [94]. In glioma cells and

astrocytes, it has been shown that the absence of oxidase impairs iron transport [95, 96].

Hepcidin is a key iron regulator in vertebrates [97]. It is a 25 amino acid peptide hormone and
regulates plasma iron concentration [98] by binding to FPN and decreasing iron release.
Hepatocytes are the main source of circulating hepcidin, but other cell types such as

macrophages and adipocytes express hepcidin mRNA albeit at much lower levels [99, 100].
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Hepcidin production is regulated by iron and erythropoietic demand for iron [101]. Therefore,
during iron overload hepatocytes produce more hepcidin which in turn promotes internalisation
and degradation of FPN, limiting further iron absorption from the duodenum, whereas during
conditions of iron deficiency, the opposite occurs, allowing more iron to enter the plasma [90].
Hepcidin production is suppressed during active erythropoiesis, making iron available for
haemoglobin synthesis [102, 103]. Hepcidin production is regulated at the transcriptional level.
In humans, there is only one hepcidin gene but in mice, there are two: hepcidin antimicrobial
peptide-1 (Hamp1) and hepcidin antimicrobial peptide-2 (Hamp2), which share 68% similarity
at the peptide level but have distinct functions where only Hampl plays a role in iron

metabolism [104-108].
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1.5. Iron Overload and NAFLD
The worldwide rise in obesity has led to an increase in cases of NAFLD [1]. It is recognised

that NAFLD has emerged as an independent risk factor for type II diabetes mellitus,
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cardiovascular complications, and hepatocellular carcinoma [2, 109, 110]. The risk factors
leading to the pathogenesis and progression of NAFLD have been discussed in section 1.3.
Apart from these, there is new evidence which shows a modest iron overload to be associated
with liver injury in NAFLD but the mechanism remains unclear [6] and this has been shown in
two studies where NAFLD patients had 35% and 50% hepatic iron deposition, respectively
[111, 112]. Previous data from the laboratory on hepatic iron loading in mice has shown that
hepatic iron loading increases liver cholesterol synthesis and hints at an additional mechanism
whereby iron contributes to the initial lipid accumulation in the liver, thus contributing to the

development of NAFLD [46].

The role of hepatic iron in NAFLD pathogenesis has traditionally centred on the generation of
oxidative stress due to the redox nature of iron and subsequent generation of ROS. Oxidative
stress has been found to be an important factor in the pathogenesis of NASH [11]. Free radicals
have an unpaired electron and are redox active. They are a product of natural cell metabolism
and are beneficial when they play a cytotoxic role against pathogens including bacteria. On the
other hand, when the normal anti-oxidant mechanism of the cells fails to counter free radicals,
they may cause damage to normal cells and tissues. Therefore, a balance between antioxidants
and prooxidants is paramount to a healthy system. Anything which favours prooxidants can
lead to oxidative stress. Iron is a well-known pro-oxidant and so it is not surprising that it may
cause oxidative stress and lipid peroxidation in NAFLD patients [113, 114]. Other mechanisms
by which oxidative stress plays a role in the pathogenesis of NASH include increased
production of pro-inflammatory cytokines and the fibrogenic response [11]. Iron overload has
been shown to activate hepatic stellate cells which in turn promotes fibrogenesis and also
polarises macrophages leading to release of pro-inflammatory cytokines [115, 116]. Oxidative
stress not only enhances steatohepatitis but also increases steatosis by degrading apolipoprotein
B100 (ApoB100) resulting in decreased secretion of very low-density lipoprotein (VLDL)

[117] and thus increasing retention of its major lipid load.

Oxidative stress was considerably reduced in rats fed an iron-deficient diet and after
phlebotomy [12]. In patients with NAFLD, liver biopsies revealed an increased hepatic iron
store which was associated with increased lipid peroxidation [13]. Increased serum thioredoxin,
a marker of oxidative stress, has been observed in NASH patients and, in cultured AML12
cells, iron leads to the generation of oxidative stress and impaired insulin signalling [118, 119].

Hepatic iron has been shown to activate hepatic macrophages and hepatic stellate cells [120]
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as in vitro studies have shown that iron activates inflammatory signalling through hepatic

macrophages [121].

In summary, hepatic iron overload has been associated with the pathogenesis of NAFLD
through several mechanisms including oxidative stress, reduced VLDL export, macrophage
activation, stellate cell activation, ER stress and increased cholesterol synthesis. The current
study is based on the hypothesis that iron plays an important role in the initial insults in NAFLD

as well as its later progression to NASH.

1.6. Hepatic Lipid Metabolism

Impairment of fatty acid metabolism results in the development of hepatic steatosis, the initial
stage of the NAFLD spectrum [122]. Free fatty acids (FFA) for TG synthesis are derived from
plasma FFA and DNL [14]. The amount of FFA uptake from the plasma by the liver is not
regulated and depends on the concentration of FFA in the plasma; the major contributor to the
plasma pool is TG lipolysis from adipose tissue. Peripheral lipolysis of lipoproteins and dietary
FFA further contribute to the FFA pool [14]. Fatty acid binding proteins and fatty acid
translocase facilitate the hepatic uptake of fatty acids. Fatty acids undergo esterification with
glycerol or cholesterol to form TGs or cholesteryl esters, respectively, once in the hepatocyte.
These esters are then secreted as VLDL into the plasma and any excess is stored as lipid

droplets in the cytoplasm.

Segregation of TG into different pools under normal dietary conditions is controlled by
hormonal and metabolic regulatory mechanisms. Insulin is a major metabolic factor involved
in the regulation of fat metabolism. Hepatic insulin increases TG synthesis in hepatocytes and
directs TG to the cytosol [123]. Additionally, insulin inhibits hepatic lipolysis [124] and
reduces the assembly of VLDL by reducing the intracellular association of ApoB100 with TG
[125]. This, in turn, has been shown to inhibit translation of ApoB100 mRNA in HepG2 cells
[126] leading to the degradation of ApoB [127], which decreases VLDL-TG secretion. All the
above events, along with insulin-related expression of the adipose differentiation-related
protein (ADRP) [128], which is involved in cytosolic lipid storage, promote lipid droplet

accumulation [129].

1.6.1 Hepatic Cholesterol and NAFLD
Hepatic inflammatory responses in NAFLD are thought to be a key step in the pathogenesis of

the disease as it eventually promotes liver damage leading to fibrosis, cirrhosis and liver cancer
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[110]. The absorption of dietary phytosterol and cholesterol is tightly regulated in the
gastrointestinal (GI) tract. The absorption efficiency of other lipids such as TG is about 98%
compared to the absorption efficiency of cholesterol which is 50% [130]. Altered hepatic
cholesterol homeostasis and free cholesterol (FC) accumulation have been linked to the

pathogenesis of NASH both clinically and experimentally [131, 132].

In 2006, the classical mechanism of cholesterol-induced NASH was proposed which was based
on the claim that mitochondrial FC loading leads to precipitation of NASH [133]. The authors
explained this based on changes in the mitochondrial membrane fluidity which led to the
oxidation of mitochondrial glutathione which promoted hepatocyte death by the activation of
tumour necrosis factor (TNF) o and Fas-dependent signalling [133]. In a diet-induced NASH
rodent model, cholesterol has been found to alter the metabolic and inflammatory status of the
liver [134]. Redox signalling and oxidative stress mediated mechanisms have been thought to
play a role in the development of inflammation and apoptosis/necrosis in hepatocytes and non-
parenchymal cells due to cholesterol. All these factors point to mitochondrial [133] mediated

progression of NAFLD to NASH by a mechanism involving cholesterol.

In a recent study, cholesterol crystallization within hepatocyte lipid droplets, and aggregation
and activation of Kupffer cells around these lipid droplets, was proposed as a mechanism for
the progression of simple steatosis to NASH [135]. The addition of dietary cholesterol to high
fat diet (HFD) in C57BL/6J mice caused the progression of steatosis to steatohepatitis [136].
The authors found an association between the presence of cholesterol crystals and NASH. They
reported that hepatocyte lipid droplets were seen in both simple steatosis and NASH, but
cholesterol crystals were present only in the lipid droplets of patients and mice with NASH
[135, 137]. The mechanism proposed by the authors is based on the interpretation that Kupffer
cells took up free cholesterol and cholesterol crystals, esters and TG from the lipid droplets of
necrotic hepatocytes. This was followed by the hydrolysis of the cholesteryl esters and TG by
the Kupffer cells and oxidation of the released fatty acids. Further metabolism of free
cholesterol derived from any of the above sources was not possible and it accumulated in the
small lipid droplets within Kupffer cells. The Kupffer cells that ingested the cholesterol crystals
were transformed into activated foam cells which in turn activated the inflammatory pathway
leading to NAFLD progression [135]. Macrophages have been shown to be activated on

exposure to excess free cholesterol and cholesterol crystals [138].
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1.7. Iron Overload and Hepatic Lipid Metabolism

The role of iron overload in the development and progression of NAFLD is clearly evident
from several studies [10, 139-141]. Iron overload has been associated with oxidative stress and
lipid peroxidation [11] which, in turn, may modify the fatty acid profile of the cell membrane,
leading to cellular damage and impaired mitochondrial oxidation [142]. The free radicals
formed may reduce the ratio of saturated to unsaturated membrane phospholipids, leading to
reduced membrane fluidity [ 143], in turn affecting the function of the embedded enzymes [144,
145]. Peroxidation products formed by hepatocytes increase in the presence of unsaturated fatty
acids and it is believed that in the presence of iron overload, polyunsaturated fatty acids (PUFA)
may exert a repressive effect on lipogenic genes due to cytotoxicity caused by peroxidation
[146]. It is possible that iron overload may result in decreased fatty acid synthesis and also play

a part in decreased fatty acid catabolism.

It has been shown that iron overload has a direct effect on hepatic lipid metabolism [14], but
conflicting results have been reported based on different experimental models. In a study
investigating cholesterol metabolism conducted on rats with dietary iron overload, it was
shown that there was an increase in the activity of acyl-CoA cholesterol acyltransferase
(ACAT) whereas there was a reduction in the activity of HMG-CoA reductase and 7-o-
hydroxylase [147]. In another study conducted in our laboratory on mice, dietary iron overload
was found to be associated with increase in hepatic cholesterol content but not circulating
cholesterol and genes involved in cholesterol biosynthesis were upregulated [46]. The
differences observed in the two studies may be due to the amount and time of iron loading. The
study conducted on rats used a 3% carbonyl iron diet for 12 weeks compared to 2% carbonyl
iron for 3 weeks in the study conducted on mice. The study conducted on rats concluded that
the changes related to cholesterol were due to oxidative damage caused to membranes which
housed enzymes involved in cholesterol metabolism but this may not be true as the study
conducted on mice showed increases liver cholesterol with iron loading, and a recent in vitro
study conducted on endothelial cells found no differences in oxidation of membrane
phospholipids upon iron loading but found increased cholesterol biosynthesis [46, 148]. These
observations suggest that iron overload can lead to cholesterol biosynthesis in rodents and cell
lines without causing membrane damage at least in experimental models of short-term iron

overload.

The rate of cholesteryl ester formation has been linked to the amount of VLDL cholesterol

secreted which can be explained by increased activity of ACAT [147, 149]. Investigation of
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the biliary pool size showed less cholesterol and bile acid which can be linked to the decreased
activity of cholesterol 7-a-hydroxylase [ 147]. Since bile acids are major products of cholesterol
catabolism, their diminished yield can lead to increased plasma cholesterol. These results point
to the effect of free radicals generated due to iron overload on the physical properties of the
membrane in which these enzymes are embedded, including alteration of the
unsaturation/saturation ratio of membrane phospholipids, fatty acid chain length, distribution
of fatty acids and the formation of covalent cross-links between lipid radicals [144]. A previous
study performed in our laboratory has shown that transcripts of seven enzymes, including the
rate-limiting enzyme HMG CoA reductase, were up-regulated with increasing hepatic iron with
an increase in cholesterol biosynthesis observed [46]. A recent study in a mouse model of
juvenile haemochromatosis indicated that feeding a high-fat diet modulated iron metabolism
by affecting the expression of genes involved in maintaining iron homeostasis [150]. It is
interesting to note the differences in the studies discussed here but they are not surprising
because of the differences in experimental models of iron loading, the species used, level and
duration of iron overload, type of diet and feeding regime and sex of the animals [151]. For
example, Graham et al [46] used 2% carbonyl iron supplementation for 3 weeks whereas
Brunet et al [147] fed rats 3% carbonyl iron for 12 weeks. It may be argued that feeding higher
percentage of carbonyl iron for a longer duration can lead to higher levels of oxidative stress

compared to shorter term feeding with a lower percentage of carbonyl iron.

1.8. Mitochondria and NAFLD

Mitochondria generate ATP using substrates derived from fat and glucose. The number of
mitochondria present in a specific cell or tissue depends on the function it performs. The liver
is the metabolic centre of the body and it is known that hepatocytes are rich in mitochondria
with each hepatocyte containing, on average, 800 mitochondria, accounting for about 18% of
the total liver cell volume [152]. Mitochondria are the primary site for oxidation of fatty acids
and oxidative phosphorylation and, therefore, are integral to hepatic metabolism. They consist
of inner and outer mitochondrial membranes which are made up of phospholipid bilayers and
membrane proteins [152]. They also contain their own genome in the form of mitochondrial
DNA (mtDNA). mtDNA has unique features including high copy numbers in cell, maternal
inheritance and a high mutation rate due to the lack of error correction mechanisms during
replication [153]. Mitochondrial membrane transport proteins aid in the active transport of

larger molecules across the mitochondrial outer membrane, whereas the inner mitochondrial
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membrane lacks porins, rendering the matrix impermeable to larger molecules. Hence, the
inner membrane requires special transporters. The proteins of the inner mitochondrial
membrane serve important functions which include oxidation reactions of the respiratory chain.
The matrix of the mitochondria contains enzymes which perform important functions including

oxidation of pyruvate and fatty acids, as well as many citric acid cycle enzymes [152].

The mitochondrial respiratory chain (MRC) is essential for aerobic energy production. Its
components are encoded both by nuclear DNA and mtDNA. mtDNA lacks histones and is
bound to the inner membrane. Protection of mtDNA 1is very important as it encodes many
proteins involved in oxidative phosphorylation and damage to hepatic mtDNA may lead to
reduced ATP production and B-oxidation leading to necrosis and microvesicular steatosis

which is a common feature in NAFLD [154].

1.9. Hepatic Fatty Acid Oxidation

Fatty acid oxidation (FAO) is the major energy source for skeletal and cardiac muscle, whereas
liver oxidises fatty acids under conditions of extended fasting, illness, or heavy physical
activity. The process of FAO takes place in three different places, B-oxidation in the
mitochondria and peroxisomes, and ®-oxidation in the endoplasmic reticulum [155, 156]. A
representation of mitochondrial fatty acid oxidation is shown in figure 1.2. Among these three,
mitochondrial B-oxidation is the most important pathway for the breakdown of fatty acids under
normal conditions and is involved in the oxidation of short, medium, and long chain fatty acids,
resulting, eventually, in production of acetyl-CoA. The electrons generated are donated to the
mitochondrial respiratory chain coupling mitochondrial fatty acid oxidation to ATP
production. Short and medium chain fatty acids can enter the mitochondria on their own, but
the entry of long chain fatty acids is regulated by carnitine palmitoyltransferase 1 (CPT1). The
activity of CPT1 is inhibited by high malonyl-CoA (an initial substrate of fatty acid synthesis)
leading to decreased FAO and thereby reducing the entry of fatty acids into the mitochondria.
Therefore, in the case of high caloric intake, there is increased deposition of fatty acids and
decreased oxidation. The opposite happens in the fasting state leading to the entry of long-
chain fatty acids into the mitochondria and increased B-oxidation. A different form of -
oxidation takes place in the peroxisomes in which the electrons generated are donated to Oz,
leading to the formation of hydrogen peroxide and then water. Very long chain fatty acids are
oxidised by this mechanism until they are short enough to be transferred to the mitochondria

for complete oxidation. Branched chain fatty acids, obtained from the diet, cannot be oxidised

30



by B-oxidation due to the presence of 3-methyl groups. Therefore, the terminal carboxyl group

is first removed by a process called a-oxidation, which also takes place in the peroxisomes
[157].
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Figure 1.2. Representation of mitochondrial fatty acid oxidation. Adapted from Houten
SM, et al. 2016. Annu. Rev. Physiol. 78:23-44. Permission received through Copyright
Clearance Centre, Inc. Order Licence ID 1333375-1

1.10. Mitochondrial Dysfunction and NAFLD

NAFLD is associated with numerous mitochondrial changes, including ultrastructural lesions
such as paracrystalline inclusions in the matrix, reduced activity of the respiratory chain
complexes and impaired B-oxidation, suggesting that mitochondrial dysfunction is closely
associated with NAFLD [152, 158, 159]. Similar ultrastructural lesions have been observed in
the liver mitochondria of patients and animal models with NASH [41, 159]. Images of livers
from a mouse model of NAFLD obtained through electron microscopy depicted swollen and

scarce mitochondria with paracrystalline inclusions in the matrix [159]. The present study
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hypothesises that iron loading leads to iron being targeted towards the mitochondria, potentially
leading to the production of ROS, and initiating a chain of events leading to mitochondrial
dysfunction. A recent study in an animal model of NASH has shown that liver specific deletion
of retinoic acid receptor-related orphan receptor a (RORa), which is associated with regulation
of genes involved in lipid metabolism and inflammation, aggravates diet-induced NASH by
promoting mitochondrial dysfunction [160] due to the loss of mitochondrial membrane
potential and structural integrity. This change in the mitochondria may be due to impairment
of mitochondrial fission followed by mitophagy and also due to reduced oxygen consumption
[161]. It was shown that core machineries of mitochondrial dynamics which include dynamin-
1-like protein (Drpl) and BCL2/adenovirus E1B 19 kDa interacting protein 3 (Bnip3) were
downregulated in the hepatocytes of RORa-LKO mice [160]. The hepatic expression of RORa
was significantly reduced in NAFLD patients and NASH animal models [162, 163] suggesting
the role of RORa in pathogenesis of the disease by the mechanisms discussed above. There is
evidence to suggest that the expression of RORa was diminished in NASH patients and a loss
of function of RORa in mice promoted NASH. RORa has been shown to prevent mitochondrial
dysfunction by balancing mitochondrial membrane potential and integrity thus inhibiting

NAFLD progression [162, 164].

1.11. Iron and Mitochondria

The most important function of mitochondria in a cell is energy production. In addition,
mitochondria also play a crucial role in the metabolism of trace elements, especially iron. The
redox proprieties of iron make it a valuable component of enzymes and proteins [165].
However, this property makes iron a double-edged sword as it can participate in harmful
reactions leading to the generation of ROS, which can lead to cell death [165]. Cells have
evolved mechanisms to minimise the toxicity of iron and at the same time utilise it for the

biological functioning of the system [166].

Iron-sulphur cluster formation occurs in the mitochondria, providing a necessary cofactor for
proteins in mitochondria as well as elsewhere in the cell. Some of these proteins are involved
in respiratory chain function. The presence of iron-containing proteins in the mitochondria
signifies the important role of iron in mitochondrial function. In the case of lung carcinoma,
around 20% of total cellular iron was found in the mitochondria [167]. There have been several
studies that have shown that chelatable iron is not present in the cytosol but rather other cellular

compartments including nuclei, mitochondria, and lysosomes [168-170]. It is interesting to
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note here that, out of all these organelles, mitochondria in liver cells had a very high
concentration of chelatable iron [168, 169]. In isolated rat hepatocytes, the concentration of

chelatable iron in the mitochondria was higher than in the cytosol [168, 169].

Mitochondria are the site of oxidative phosphorylation and oxygen consumption, therefore, the
role of chelatable iron in the mitochondria becomes important. It may act as a catalyst for ROS
generation, making the mitochondria more susceptible to oxidative stress, thus bringing down
their energy producing capacity. Mitochondrial iron has been linked to development of
cardiovascular disease [171]. Decreases in the mitochondrial chelatable iron pool have been
shown to play a protective role in cardiomyopathy by reducing ischaemia/reperfusion damage
[171]. In NAFLD, the chelatable iron pool in the mitochondria can also alter the enzyme
activity of genes involved in FA oxidation, potentially leading to increased deposition of fat in

the hepatocyte [172, 173].

1.12. Iron Transport to the Mitochondria

The mechanism of iron transport to the mitochondria is still not very clear. Ferrous iron may
be transported to the mitochondria through the inner mitochondrial membrane to the
mitochondrial matrix, where it is used for haem synthesis, iron-sulphur cluster biogenesis or
stored in mitochondrial ferritin [ 174]. It is thought that several mechanisms act in coordination,
including direct delivery of extracellular iron to the mitochondria and uptake of cytosolic iron

[174].

The first mechanism proposes that iron enters the mitochondria from a transient cytosolic pool
of labile iron known as the transit pool or the labile iron pool (LIP) which is largely composed
of ferrous iron [175]. In rat hepatocytes and yeast, it has been shown that ferrous iron is taken

from the cytosol by the mitochondria in a membrane potential-dependent manner [176, 177].

Direct entry of endosomal iron into the mitochondria without entering the cytosol is proposed
to be through a “Kiss and Run” mechanism. The transferrin receptor (TFR)-transferrin (TF)
complex is endocytosed from the extracellular milieu and ferric iron is reduced to ferrous iron.
The “Kiss and Run” mechanism involves the docking of endosomes and lysosomes with the
mitochondria, with direct passage of Fe** to the mitochondria [178]. This mechanism has only

been demonstrated in erythroid cells [178, 179].

Iron may also be routed to the mitochondria by high molecular weight complexes such as

metallochaperones [180], proteins that bind to metal ions and deliver them to enzymes and
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transporters by protein-protein interaction. Metallochaperones involved in copper transport
have been known for many years [181] but iron chaperones are still being investigated and
some potential candidates such as human poly (rC)-binding protein 1 (PCBP1) have emerged
as aresult [182, 183].

Irrespective of the method employed by any cell to acquire mitochondrial iron, the iron has to
traverse first the outer mitochondrial membrane (OMM) and then the IMM. The exact
mechanism is still not completely deciphered; however, it is hypothesised that porins are
involved in the movement of iron across the OMM [184]. Alternatively, a recent study has
shown that DMTT1 plays an important role in the mitochondrial uptake of iron and manganese
[185]. The authors conducted this study to further explain their previous finding of localisation
of DMT1 in the OMM suggesting its role in mitochondrial iron acquisition [186, 187]. Wolff
et al observed an increased uptake of Fe** and Mn?" in mitochondria from HEK293 cells
overexpressing DMT1 [185] using three independent techniques: radioisotope uptake,
inductively coupled plasma optical emission spectroscopy (ICPOES) and metal-induced
quenching of the indicator dye Phen Green™ SK (PGSK) preloaded into the mitochondria
[188].

The mechanism proposed by Wolff et al suggests that there are two mitochondrial iron influx
systems. The DMT1-dependent system contributes substantially over time whereas the other,
DMT1-independent system, contributes substantially to inital Fe*" uptake. The role of DMT1
in iron accumulation in the mitochondria was confirmed by optical emission spectroscopy,
where incorporation of mitochondrial DMT1 expression increased non-haem iron. The authors
suggested that a proton gradient was the driver for Fe?" uptake by DMT1-overexpressing
HEK293 mitochondria. It has been shown that plasma membrane DMT]1 is able to mediate
metal ion uptake, including Fe?* [189], in the absence of a proton gradient; however, the iron
uptake is very small. This is consistent with the results obtained by Wolff et al, who have shown
that DMT1-dependent uptake of metal ions is higher and more rapid at acidic pH than neutral
pH which highlights DMT1’s proton dependence.

The mitochondrial matrix is the major site for iron metabolism; therefore, iron has to be
transported across the IMM. This is an active process facilitated by mitoferrinl (Mfrn1) and its
homologue mitoferrin 2 (Mfrn2), which are members of the solute carrier family of proteins.
The mechanism is still not very clear [190, 191] but the interaction between Mfrn1 and Abcb10,
which is an IMM ATP-binding cassette transporter, increases Mfrnl stability leading to iron

import [192]. Apart from this mechanism, ferrochelatase, an enzyme involved in haem
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synthesis, complexes with both Mfrn1 and Abcb10 and this complex formation directs iron to

ferrochelatase leading to increased haem synthesis [193].

Iron overload has a negative impact on mitochondrial function mainly due to the production of
ROS catalysed by iron bound to its binding partners with low affinity. Iron loading in rat
cardiomyocytes in vitro led to mitochondrial DNA damage and reduced respiratory function
[194]. It is interesting to note that iron overload due to hereditary haemochromatosis (HH)
resulted in the accumulation of cytosolic iron but not mitochondrial iron in hepatocytes but led

to decreased mitochondrial oxygen consumption [195].

1.13. Fatty Acids and Mitochondria

Most tissues and blood plasma contain a proportion of FFA. The majority of the long chain
fatty acids are bound either specifically or non-specifically to fatty acid binding proteins [196].
Most of the FFA is associated with the cellular membrane and only a very small part remains
free [197]. Apart from being oxidised by the mitochondria and supplying electrons to the
respiratory chain, FFA also interact with the mitochondrial membrane playing a role in the
energy-coupling process as weak uncouplers [198]. It has to be noted that long chain fatty acids
are natural uncouplers of oxidative phosphorylation due to their protonophoric properties
whereas short and medium chain fatty acids lack protonophoric abilities. The reason for this
difference is the trans bilayer movement of undissociated fatty acid in one direction and its
anion in the opposite direction. This transfer is thought to be due to the action of adenine
nucleotide translocase in at least some mitochondria. This has been reported in several in vitro
studies with isolated mitochondria and evidence also suggests the occurrence of protonophoric
uncoupling in vivo after hypoxia/reperfusion or high fat diet [199, 200]. Such uncoupling

processes lead to mitochondrial dysfunction and impaired ATP production [199].

FFA also play an important role on the IMM by increasing proton conductance and promoting
opening of the permeability transition pore (PTP) [201], a conductance channel through which
mitochondrial apoptogenic proteins can be released into the cytosol. It has been shown that
saturated fatty acids have minimal effects on mitochondrial membrane potential and show
negligible short-term cytotoxicity. The presence of double bonds increased both depolarization
and cytotoxicity in an experiment which tested the effect of mitochondrial depolarization by
fatty acids but was offset by the hydrocarbon chain length, and higher unsaturation was
required to see an effect [202]. However, it was found that the number of unsaturated bonds

was an important factor in causing any depolarizing effects. Stearic (C18:0) and oleic (C18:1)
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acids were ineffective, whereas linolenic acid (C18:3) caused complete depolarization and an
intermediate effect was seen on addition of linoleic acid (C18:2) [202]. In another study
conducted on HepG2 cells, oleic acid (OA) induced significantly higher TG accumulation
compared to palmitic acid (PA; C16:0) upon treating cells with equimolar concentrations of
each fatty acid [203]. Interestingly, PA but not OA was found to induce apoptosis in three
different cell lines in contrast to equimolar concentrations of OA [203]. It was also observed
that in the presence of OA and PA, apoptosis was significantly reduced compared to PA alone
[203]. This observation suggests that OA plays a protective role in PA induced apoptosis; this
was further confirmed by measuring the activity of caspases 3/7 which are fully operative
during cell death. OA did not have any effect on caspase activity whereas PA significantly
increased caspase activity [203]. The effects of OA and PA correlated with gene expression:
OA was found to increase the expression of peroxisome proliferator activated receptor gamma
(PPARY), whereas the expression of PPAR« was increased by PA. The lower steatosis and
increased apoptosis seen may have been due to the activation of PPARa leading to enhanced

B-oxidation and oxidative stress [204].

1.15. Objectives of this Thesis

The work carried out in this thesis principally focuses on the role of iron and lipid metabolism
in NAFLD. It is evident from the literature that imbalanced iron and lipid metabolism play an
important role in the development of steatosis and its progression to more severe stages
including NASH and cirrhosis. Most of the studies discussed in the literature review focussed
on the role of iron in NAFLD progression and investigated NASH and fibrosis. Previous work
carried out in our group has shown that initial iron accumulation in NAFLD can not only lead
to the progression of the disease but also in initial fat accumulation or steatosis. The various
results discussed in the following chapters shed light into the mechanisms by which iron
loading contributes to initial fat accumulation in the liver. There is strong evidence linking
mitochondrial dysfunction and NAFLD and the results discussed in the present study further
elucidate the mechanism by which iron and high fat diet affect mitochondrial function, leading
to NAFLD. The role of cholesterol and hepatic cholesterol crystals in NAFLD has gained a lot
of importance and therefore, I investigated the role of iron and high fat diet on cholesterol
crystallisation as there is no evidence in the literature on the role of iron in the formation hepatic
cholesterol crystals. Therefore, to address some of the gaps identified in the literature review

this study aimed to:
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Investigate rates of mitochondrial activity in vitro in cells loaded with iron and/or lipids.
Investigate hepatic gene expression associated with iron and fatty acid metabolism in
mice fed control or Western-style, high-fat diet, with or without iron.

Investigate the interaction of iron and fat and their role in hepatic cholesterol crystal

formation.
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Chapter 2 Materials and Methods
2.1. Cell Culture Methods

2.1.1. Cell Culture

AML12 cells (alpha mouse liver 12) obtained from ATCC were used for all in vitro studies.
Cells were cultured in DMEM:F12 (1:1) medium supplemented with 10% foetal bovine serum
(FBS), insulin (1.0 g/L)-transferrin (0.55 g/L)-selenium (0.00067 g/L) (ITS) (Gibco™-
ThermoFisher, Australia) and 40 ng/ml dexamethasone. Cells were maintained in a 5%
C0O2/95% air incubator at 37 °C. The medium was replaced 1-2 times a week, depending on

cell confluency.

The cell seeding density for all experiments was 10,000 cells/well, 50,000 cells/well or 100,000
cells/well for 96, 24 and 12 well plates, respectively. Cells were incubated overnight following
seeding prior to experimental treatments. All experiments were carried out in duplicate or

triplicate.

2.1.2. Cell Viability Assay

Cell viability was assessed using the AlamarBlue® cell viability assay (Thermo Fisher
Scientific, Australia). Briefly, 10,000 cells/well were plated in a 96 well plate and incubated at
37 °C overnight after which cells were treated for 12 h with iron or fatty acids (Sections 2.1.3
and 2.1.4). After 12 h, 10 pl of 1x AlamarBlue® solution was added to each well containing the
cells. The plate was incubated for 3 h at 37 °C and absorbance was measured at 570 nm using

an EnSpire Multimode Plate Reader (PerkinElmer, Australia).

2.1.3. Iron Loading

Ferric ammonium citrate (FAC) (Sigma-Aldrich, Australia) was used to iron load AML12
cells. A stock concentration of 3 mg/ml of FAC in 0.01 M HCI was prepared. Cells were
incubated in cell culture medium (Section 2.1.1.) containing a final concentration of 30 pg/ml

FAC for 12 h before the experiment [205]. This concentration was found suitable to iron load

the cells [206].

2.1.4. Free Fatty Acid Loading

Both saturated and unsaturated fatty acids were used to fat load cells and investigate their
differential effects on AMLI12 cells. Oleic acid (C18:1) conjugated to bovine serum albumin
(BSA) (Sigma-Aldrich, Australia) and palmitic acid (C16:0) (Sigma-Aldrich, Australia)
conjugated to BSA were used at a concentration 100 pM (FA). Cells were pre-incubated for 12
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h in a CO2/95% air incubator before the experiment. Oleic acid was supplied as a ready to use
solution (100 mg/ml BSA) and 1 mM sodium palmitate/0.17 mM BSA solution (6:1 molar
ratio palmitate:BSA) was prepared in-house using instructions from Seahorse Biosciences.
Briefly, 100 ml of BSA solution (0.17mM) was prepared in 150 mM NaCl along with 44 ml of
sodium palmitate (1 mM) in 150 mM NaCl. From this 50 ml of BSA was mixed with 40 ml of
sodium palmitate, stirred for 1 h at 37 °C and final volume was adjusted to 100 ml and pH to
7.4. The BSA-palmitate conjugate was stored at -20°C in aliquots; 0.17mM BSA was used as

control.

2.1.5. Oil Red-O Staining

The presence of fat was detected using Oil Red-O (ORO; Sigma-Aldrich, Australia). This is a
lipophilic dye which stains triglycerides and other neutral lipids red. Following incubation,
cells incubated with free fatty acids as described above were washed twice with 500 pl of
phosphate buffered saline (PBS) and fixed with 500 pl of 10% neutral buffered formalin
(Amber Scientific, Western Australia) at room temperature (RT) for 30 minutes. Cells were
washed twice at RT with 1 ml of double distilled water, then once with 60% isopropanol for 5
minutes. The isopropanol was removed, and the cells were left to air dry completely. The ORO
stock was made up in 100% isopropanol, which was stirred overnight, and stored at RT. The
working solution was prepared fresh by mixing 3 parts of stock to 2 parts of double distilled
water. Each well was incubated with 500 pl of ORO working solution for 10 minutes at RT.
Cells were washed with double distilled water and counterstained with Gill’s #2 haematoxylin,
0.5% haematoxylin (Amber Scientific, Western Australia) after which they were washed 3-4
times in tap water until the water ran clear. Images were acquired using a Nikon-Eclipse TS

100 microscope (Nikon, Australia).

2.2. Mitochondrial Bioenergetics

The effect of iron and FFA loading on mitochondrial bioenergetics was studied using a
Seahorse XF96 analyser (Agilent Technologies). AMLI12 cells were seeded at a density of
10,000 cells/well in XF96 cell culture microplates (Agilent Technologies, Australia). The cells
were incubated overnight and were iron and fat loaded the next day as described in sections
2.2.3 and 2.2.4. The Seahorse XF¢ 96 extracellular flux assay kit (Agilent Technologies) was
hydrated with 200 pl of Seahorse XF calibrant (provided in the kit) by incubation at 37°C in

an air incubator attached to the Seahorse XF96 system 24 h prior to the assay.
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2.2.1. Assay Media Preparation

Base Dulbecco’s minimal essential medium (DMEM) was purchased in powdered form from
Sigma-Aldrich, Australia, and was dissolved in 1L of double distilled water, and glucose (2.5
mM), alanyl glutamine (2 mM) and sodium pyruvate (I mM) added to the medium. The pH
was adjusted to 7.35 + 0.05 at 37°C and the medium filter-sterilised before being stored at 4°C.
This assay medium did not contain FBS or bicarbonate as they would provide buffering

capacity and mask the small changes in pH measured in the mitochondrial bioenergetics assay.

2.2.2. Mitochondrial Stress Reagents
The following reagents were purchased from Sigma-Aldrich, Australia, and stock and
working solutions prepared in dimethyl sulphoxide (DMSO).

A. Oligomycin. A solution of 5 mM was aliquoted and stored at -20°C until use. A final
concentration of 2 pM was used for the assay. It is an ATP synthase inhibitor (complex
V).

B. Carbonyl cyanide-4-phenylhydrazone (FCCP) was reconstituted in the assay media to
give a stock concentration of 20 mM. A working solution was prepared in DMSO to
give a concentration of 5 mM which was aliquoted and stored at -20°C until use. A final
concentration of 0.5 uM in experimental medium (as described in section 2.2.2.1.) was
used for the assay. FCCP acts as an uncoupler of mitochondrial oxidative
phosphorylation.

C. Rotenone was reconstituted in the assay media to give a stock concentration of 20 mM
and diluted in DMSO to give a working concentration of 5 mM which was aliquoted
and stored at --20°C until use. A final concentration of 1 uM in experimental medium
was used for the assay. It is a complex I inhibitor.

D. Antimycin A was reconstituted in the assay media to give a stock concentration of 20
mM. A working solution was prepared in DMSO to give a concentration of 5 mM which
was aliquoted and stored at -20°C until use. A final concentration of 1 uM was used for

the assay. It is a complex III inhibitor.

2.2.3. Mitochondrial Bioenergetics Assay Day Preparations

On the day of the assay, the change of medium was performed as per the manufacturer’s
protocol. Briefly, the initial serum-containing medium was replaced by serum-free medium as
described in section 2.2.2.1. The medium change cycle involved 3 wash cycles leaving a final
volume of 175 ul per well. The cell culture microplate was incubated in an air incubator for 1

h at 37°C. Blank wells contained medium only.
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In the meantime, reagents prepared (using assay media) from the stock as described in section
2.2.2.1 were added (25 pl) to the respective injection ports in the hydrated cartridge. Each blank

well contained the same volume of medium instead of the reagents.
2.3. Animal Studies

2.3.1. Animal Maintenance

Female C57BL/6J wild type mice were purchased from the Animal Resource Centre (ARC)
Murdoch, Western Australia and housed at the Life Sciences Research Facility, Curtin
University, in a temperature-controlled environment with a 12-hour light-dark cycle. The mice
had ad libitum access to food and water. The animal study was approved by the Animal Ethics

Committee, Curtin University (AEC _2015_40).

Mice were three weeks old on arrival and were acclimatised for a week before the start of the

study. The animals were monitored three times a week to ensure their wellbeing.

2.3.2. Diet Preparation

Diets were purchased from Speciality Feeds, Glen Forrest, Western Australia. All diets were
supplied as a powder and were mixed with sterile water as per the supplier’s instructions to
make a dough. The dough was then moulded into pellets in sterile silicone trays and the pellets
used to feed the mice. A quality control was maintained for each batch of the diets prepared to
ensure sterility. This was done by maintaining a small amount of diet from each batch in a

sealed Petri dish at 37°C which was monitored for microbial growth.

An iron-replete diet (SF01-017) was used as the control diet for the iron loading study. A diet
containing 2% carbonyl iron (SF07-082) was purchased and used to prepare intermediate
concentrations of 0.25%, 0.5% and 1% carbonyl iron diet by mixing the desired amount of
SF07-082 diet with SFO1-017. Animals were then fed these diets. In the second study, a
Western-style, high fat diet (SF00-219) was used along with the control diet (SF15-106). In
this study, 1% carbonyl iron was used to iron load the mice and a combination of 1% carbonyl
iron diet and high fat diet to induce fat and iron loading. A flow chart showing the dietary

intervention is shown (Figure 2.1).
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Figure 2. 1 Animal Dietary Plan

2.3.3. Sample Collection

All mice were fasted overnight prior to sacrifice. They were anaesthetized in an isoflurane
chamber (2% isoflurane and 0.8-1 L/min O2) followed by cardiac perfusion with 150 mM NaCl
to exsanguinate the tissues. Tissues including liver, spleen and duodenum were collected in
microfuge tubes and a part of the liver was embedded in optimal cutting temperature (OCT)
compound in a plastic cryomould and stored in aluminium foil to be used for histology. All

tissues were snap frozen in liquid nitrogen and stored at -80°C until further use.

2.3.4 RNA Extraction

Total RNA extraction from liver, spleen and duodenum was carried out using TriReagent®
(Sigma, Australia). Briefly, 50 mg of tissue was homogenised in 500 ul of Tri Reagent® using
a plastic pestle until it was completely disrupted. A further 300 pul of Tri Reagent® was added
to the homogenate and mixed. To this mixture 80 pl of 1-bromo-3-chloropropane (Sigma,
Australia) was added and mixed vigorously for 15-30 seconds. The mixture was then incubated

at room temperature (RT) for 10 minutes followed by centrifugation at 14000 g for 15 minutes
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at 4°C. The top (aqueous) phase was transferred to a new microfuge tube and care was taken
to avoid contact with the interphase or the bottom layer. A volume of isopropanol equal to the
volume of the aqueous phase was added to the tube and gently mixed to precipitate the RNA.
After an incubation of at least 10 minutes, RNA was pelleted at 14000 g for 15 minutes at 4°C.
The supernatant was carefully removed, and the pellet was washed twice with 75% molecular-
grade ethanol (~200 pl depending on the size of the pellet). The supernatant was completely
removed, and the pellet allowed to air dry for approximately 30 minutes, after which the RNA
was dissolved in nuclease-free water, 15-50 ul depending on the pellet size. This was then
incubated for 10 minutes at 55-60 °C. The RNA was then aliquoted in duplicate and stored at
-80°C until further use.

2.3.5. RNA Quantification

RNA was quantified using a NanoDrop " 1000 spectrophotometer (Thermo Scientific). Briefly,
1.5 ul of the extracted RNA was applied to the pedestal of the spectrophotometer and
absorbance measured at 260 and 280 nm. The purity of the RNA was evaluated using the

260/280 nm ratio. RNA with a ratio between 1.8 and 2.0 was used for further experiments.

2.3.6. cDNA Synthesis

cDNA was synthesised using the SensiFast” ¢cDNA kit (Bioline, Australia). The master mix
was prepared on ice and consisted of 1 pg of RNA, 1x TransAmp buffer, 1 ul of reverse
transcriptase and DNase/RNase free water to make a total reaction volume of 20 pl. The
reaction mix was incubated using the following conditions: primer annealing at 25 °C for 10
minutes, reverse transcription at 42 °C for 15 minutes, enzyme inactivation at 85 °C for 5
minutes with a final hold at 4 °C as per the manufacturer’s instructions. The cDNA was either

used immediately for gene expression studies or was stored at -80 °C until required.

2.3.7. Real Time- Quantitative Polymerase Chain Reaction (RT-qPCR)

Real-time, quantitative PCR was performed using a SensiFAST SYBR Lo-Rox (Bioline,
Australia) kit with the following conditions: 2 minutes denaturation at 95°C followed by 45
cycles of 95°C for 15 seconds, 57-64.5°C (depending on primer optimisation) for 15 seconds
and 72°C for 15 seconds. Melt curve analysis was performed by raising the temperature from
74 to 95°C in increments of 0.5°C. Aliquots of cDNA from each sample were pooled and used
to generate standard curves by serial dilution. B-actin was used as the reference gene. Primer

sequences and annealing temperatures are listed in Table 2.1.
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2.3.8. Non-haem Iron Assay

Liver non-haem iron was measured as described by Crowe et al [207] with some modifications.
Briefly, liver tissue homogenates were prepared diluted 1:8 (w/v) using double distilled water.
Equal volumes (100 pl) of the homogenate and protein precipitation solution (7.5%
trichloroacetic acid, 0.75 M HCI) were mixed in a 0.5 ml micro-centrifuge tube and heated in
heating block at 90°C for 1 h. The contents were then cooled at 4°C for 5-10 minutes, mixed
and then centrifuged at 12000 g for 10 minutes. Supernatant (50 ul) was then transferred into
a 96 well plate. 2 ml of 1.5% thioglycolic acid was added to complete the stock ferrozine
solution (0.508 mM ferrozine and 1.5 M sodium acetate). This was followed by addition of 50
ul ferrozine solution to all the samples and the solutions allowed to react for 30 minutes after
which absorbance was read at 562 nm using an EnSpire Multimode Plate Reader

(PerkinElmer®).

Standard curves were prepared using iron (III) nitrate standards (1 mg/ml in 0.5% HNOs3)
(AJAX chemicals, Australia). The standards contained O, 1, 2, 4, 6, 8, 10, 15 and 20 pg/ml of

iron. The standard curves were linear throughout the tested range.

2.3.9. Histology
OCT embedded liver tissue was used for histological studies. A Leica CM1520 cryostat was
used to cut 5 um sections at -14 °C which were then mounted on to glass slides. The cut sections

were used within an hour or were stored at -80°C until further use
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Gene Forward primer (5’- 3’) Reverse primer (5°- 3’) Annealin
g Temp
Hampl'  AGAGCTGCAGCCTTTGCAC ACACTGGGAATTGTTACAG 59°C
CATTTA
Tfrl GAGGGAAATCAATGATCGTA CTCCACTAAGCTGAGAGAG 62°C
TTATG TGTG
Dmtl CTCTACTCTGGCTGTGGACAT CAGTCATGGTGGAGCTCTG 62°C
CT A
Fpnl GGAACAGCCTTCTCTTGACA TGACGTCTGGGCCACTTT 59°C
Acads ATGGTGACAAAATCGGCTGT  TTTGGTGCCGTTGAGGAC 64.5°C
Acadvl TCTCTGCCCAGCGACTTTAT GCAAAGGACTTCGATTCTG 61.4°C
C
Acadm CCCGGGAATACATATTGGAA  TGCTCCTTCACCGATTAACA 57°C
Hadha TTCTTAAAGACACCACAGTGA CTTCTTCACTTTGTCGTTCA 57°C
CG GC
Echl ATGAACAGGGCTTTCTGGAG  GCCATGTCCATGAGGTCAA 57°C
Accal GGAGGCTTCAAGAACACCAC CCTGGCTCAAGAACATTGC 64.5°C
Slc27a2  GATCTGGCTGGGACTGCTC CCTCCTCCACAGCTTCTTGT 63.3°C
p-actin>  CTGGCACCACACCTTCTA GGTGGTGAAGCTGTAGCC 60.4°C

Table 2.1 Primer Details

! Wallace et al. 2009, Hepatology
2 Graham et al. 2010, Hepatology
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2.4. Haematoxylin and Eosin (H&E) Staining

Sections cut as stated in section 2.3.9 were stained in Gill’s haematoxylin (Amber Scientific,
Australia) for 1 minute after which they were rinsed in running tap water for 1 minute. The
slides were dehydrated by rinsing in 95% histology grade non-denatured ethanol for 1 minute
followed by rinsing twice in 100% ethanol. The slides were then counterstained in 1% alcoholic
eosin (Amber Scientific, Australia) for 20-30 seconds followed by rinsing three times in 95%
ethanol for 1 minute each time. Slides were cleared by rinsing in xylene thrice for 1 minute
each and then mounted using entellan and cover slipped. Images were acquired using an

Olympus BX51 upright microscope (Olympus, Australia).

2.4.1. Perls’ Prussian Blue Staining

Iron was detected in liver sections using Perls’ Prussian Blue stain as described previously by
McDonald et al with some modifications [208]. Briefly, sections were fixed in 4% formalin at
room temperature for 5 minutes, rehydrated in distilled water for 5 minutes and incubated in
Perls’ solution (comprising equal parts of 2% potassium ferrocyanide and 0.2 M HCI) for 30
minutes. They were washed in several changes of distilled water for 5 minutes and
counterstained with filtered neutral red stain (1% solution in distilled water) for 1 minute
followed by rinsing in distilled water. The sections were then rapidly dehydrated in absolute
alcohol, cleared with xylene, mounted using entellan and cover slipped. Images were acquired

using an Olympus BX51 upright microscope.

2.4.2. Oil Red O Staining for Liver Tissue

Liver sections were cut as described in section 2.3.8 and air dried for 60 minutes. ORO staining
was performed as described by Kohn-Gaone et al [209] with some modifications. The sections
were fixed in ice cold 4% formalin after which they were air dried again for 30 minutes. The
slides were then placed in absolute propane-1,2-diol (VWR, Brisbane, Australia) to avoid
carrying water into Oil Red O. The slides were stained in pre-warmed 0.5% ORO (Sigma)
solution in propane-1,2-diol for 8 minutes in a 60 °C oven after which they were differentiated
in 85% propane-1,2-diol for 5 minutes and then rinsed in 2 changes of distilled water. Slides
were then dipped in Gill’s haematoxylin for 30 seconds, thoroughly washed under running tap
water until clear and mounted using glycerine jelly. Images were acquired using Olympus
BX51 upright microscope. The slides were also imaged under polarised light for the presence

of cholesterol crystals.
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2.4.3. Isolation of Mouse Liver Mitochondria

Mitochondria from mouse liver were isolated using the protocol established by Frezza et al
[210]. Briefly, liver tissue was collected as outlined in the section 2.3.3. All processes were
carried out on ice. Liver tissue was rinsed 3-4 times using ice cold buffer for cell and mouse
liver mitochondrial isolation (IBc: 10 mM Tris-MOPS pH 7.4, 0.1 mM EGTA, 200 mM
sucrose) and cut into small pieces using scissors. The tissue was homogenised in 5 ml of fresh
IBc using glass Potter Elvehjem homogenisers. The homogenate was transferred to 50 ml
polypropylene tubes and centrifuged at 600 g at 4°C for 10 minutes. The supernatant was
transferred to a high-speed centrifuge tube and centrifuged at 7000 g for 110 minutes at 4°C.
The supernatant was discarded, and the pellet was washed with ice cold IBc followed by
centrifugation at 7000 g for 10 minutes at 4°C. The supernatant was discarded and the pellet

containing mitochondria was suspended in 2 ml of IBc and stored in microfuge tubes.

2.4.4. Immunohistochemistry of Mouse Liver

To determine whether the diets used in the study caused any hepatic injury,
immunohistochemistry was performed on the sample from each group that contained the
highest number of cholesterol crystals. The antibodies (CD45- BD, NSW, Australia; aSMA-
Sigma-Aldrich, NSW, Australia; panCK- Dako, NSW, Australia) were kindly provided by
Professor Nina Tirnitz-Parker, Curtin University. Briefly, OCT-embedded liver samples were
sectioned at 5 pum thickness and air dried at RT for 5 minutes. Sections were fixed in 4%
paraformaldehyde at RT for 20 minutes and washed three times in PBS for 5 minutes. Slides
were blocked using antibody blocking solution (Dako, NSW, Australia) for 20 minutes and
incubated with primary antibodies for 1h at RT. Slides were then washed three times in PBS
for 5 minutes and incubated with fluorescently labelled secondary antibodies in the dark under
humidified conditions, overnight at 4°C. Slides were again washed three times in PBS for 5
minutes; air dried and mounted using ProLong Gold Antifade Reagent with DAPI (Life
Technologies) to counterstain the nuclei. Slides were covered with a coverslip, dried in the
dark and imaged using a fluorescence microscope. The details of primary and secondary

antibodies used are listed in Table 5.1.
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2.4.5. Statistical Analysis

Statistical analyses were performed using GraphPad Prism v8.0. Results are expressed as mean
+ standard error (SE). Comparison between means was performed using Fisher’s Least
Significant Difference test. Relationships between hepatic parameters of interest and non-haem
iron were investigated using linear regression analysis. Significance was inferred at the nominal

a = 0.05 value. Outliers were identified using Interquartile Range (IQR) [211].

48



Chapter 3 Effect of Iron and Free Fatty Acid Loading on Mitochondrial
Bioenergetics

3.1. Background

The role of mitochondria in the development and progression of NAFLD has gained much
attention in the past few years [172]. Mitochondrial dysfunction has been found to be an
important factor in the development of NAFLD [211] and the role of iron and FFA in
mitochondrial abnormalities and dysfunction has been discussed in Chapter 1 (Section 1.14
and 1.15). The main role of mitochondria is energy production in the form of ATP, but this is
not their only function. They are also an important site for metabolic activity, containing
pathways including beta-oxidation of fatty acids. It is interesting to note that both iron and
mitochondria can contribute to ROS generation independently and, therefore, combined ROS
generation from both these components, if uncontrolled, may enhance damage caused to living
systems.

The liver is rich in mitochondria and plays a central role in carbohydrate, lipid and iron
metabolism along with maintaining ROS homeostasis [212]. Mitochondria themselves are
susceptible to injury due to iron and fatty acid accumulation. In this chapter, I investigated the
in vitro effect of iron and FFA loading on mitochondrial bioenergetics in real time using a
Seahorse XF96 flux analyser. This study was performed to investigate the immediate effects
of iron and FFA loading on hepatocytes in contrast to other studies which have investigated
the long-term effects of iron and FFA loading on NAFLD progression [213].

3.2. Methods

The experiments described in this chapter were conducted using AMLI12 cells. Cells were
incubated with 100 uM FFA conjugated to BSA and 30 pg/ml ferric ammonium citrate (FAC)
for 12 hours at 37°C in order to lipid- and iron- load cells (Section 2.1.3 and 2.1.4), and
extracellular acidification and oxygen consumption rates were measured. Wave software 2.6.0
(Agilent Technologies) was used to set up assay parameters and analyse the results. The results
were normalised to DNA content [214] per well (n = 5 per condition) as per manufacturer’s
instructions. Briefly, cells were washed with RIPA buffer (Astral Scientific, Sydney, Australia)
and total DNA was quantified by adding 100 pl of Quanti-iT PicoGreen (Life Technologies,
Gaithersburg, MD, USA) to 100 pl of sample and fluorescence was measured (excitation ~480
nm, emission ~520 nm). Data are presented as mean + SEM. The cell viability assay was

carried out as described in section 2.2.2.
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3.3. Results

3.3.1. Cell Viability & Oil Red O Staining

Cell viability of all the treatment groups was compared to control (untreated cells) as shown in
Figure 3.1. There was no drop in viability in cells incubated with OA or BSA alone compared
to control; however, there was a small, but significant, reduction in cell viability in cells
incubated with iron (4%; P<0.05), PA (16%; P<0.0001), OA + iron (14%; P<0.0001) and PA
+ iron (22%; P<0.0001). Higher concentrations of PA (200 uM) led to an even larger reduction
(20%) in cell viability (data not shown).

AMLI12 cells treated with iron and FFA were stained for neutral lipids using ORO (Figure
3.2). All the groups including control showed the presence of red colour with varying intensity
confirming the presence of lipids in the cells. ORO was not quantified and was performed to

confirm the presence of lipids.
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Figure 3.1. Effect of FFA and iron on cell viability. AML12 cells were treated with (OA; 100
uM), (PA; 100 uM) and/or iron (30 pg/ml) for 12 hours. Cell viability was determined using
AlamarBlue®. Data were normalised to control. Three independent experiments were

conducted in triplicate and data from one representative experiment is shown. All data are

presented as mean = SEM. *P<0.05, ****P<0.0001.
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Figure 3.2 Oil Red O stained AML12 cells for neutral lipids. Cells were treated with FFA
or iron for 12 hours as described in section 2.1.3 and 2.1.4, stained for neutral lipids (red colour)

and counter-stained with haematoxylin. Images were analysed using a NIKON-ECLIPSE TS
100 microscope. Scale bar is 100 pum.
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3.3.2. Effect of Iron and Free Fatty Acid Loading on Oxygen Consumption Rate

The effect of iron and FFA loading on mitochondrial bioenergetics was determined by
measuring OCR. OCR is an indicator of mitochondrial respiration. It gives information about
the physiological state of the cells and specifically the health of the mitochondria.
Mitochondrial respiration was measured by evaluating different parameters (Figure 3.3) which
were measured by addition of various reagents which act as modulators of mitochondrial

respiration at different points as shown in the figure 3.3.
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Figure 3.3 Measurement of mitochondrial bioenergetics in real-time using a Seahorse
XF96 analyser. AML12 cells were used for studying mitochondrial function in real-time using
oxygen consumption rate (OCR) to calculate basal respiration, ATP production, maximal
respiration, proton leak, non-mitochondrial respiration and spare respiratory capacity. OCR
values were normalised to DNA content per well. Three independent experiments were carried
out in triplicate and the figure shows a representative result. Data are presented as mean +

SEM.
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3.3.2.1. Basal Respiration

Basal respiration is used to meet the energy demand of the cell under baseline conditions. Basal
respiration is calculated after removing non-mitochondrial oxygen consumption and is
measured following addition of oligomycin, which is an ATP synthase inhibitor. The slower
the ATP production, the lower the rate of respiration driving it. A significant increase in basal
respiration was observed in cells treated with iron (413 = 49 pmol / min/ ng DNA; P<0.05)
compared to control (255 + 18 pmol / min/ ng DNA; Figure 3.4 A). A significant increase was
also observed in cells treated with OA+iron (383 + 50 pmol / min/ ng DNA; P<0.05; Figure
3.4 A). Addition of iron may have increased basal respiration by increasing the ATP turnover

in the cells. Other groups did not show any significant difference compared to control.

3.3.2.2. Proton Leak

Proton leak can be defined as a reduction of protonmotive force. This is induced in the presence
of the ATP synthase inhibitor oligomycin in both intact cells and isolated mitochondria [215].
Measurement of proton leak can help in identifying molecular mechanisms involved in altering
proton conductance across the mitochondrial inner membrane [216]. The results indicate that
there was a significant increase in proton leak in cells treated with iron (93 + 8 pmol / min/ ng
DNA; P<0.01), OA (94 £+ 8 pmol / min/ ng DNA; P<0.01) and OA+iron (87 + 13 pmol / min/
ng DNA; P<0.05) compared to control (55 = 5 pmol / min/ ng DNA). Other groups did not

change as seen in Figure 3.4 B.

3.3.2.3. Maximal Respiration

Maximal respiration is induced by the addition of the protonophore, FCCP, which acts as an
uncoupler of oxidative phosphorylation and leads to rapid substrate oxidation. It is a measure
of the maximum respiration rate which a cell can attain. The maximal respiration was
significantly higher in cells treated with iron (724 £ 118 pmol / min / ng DNA; P<0.05) and
OA-+iron (661 + 109 pmol / min/ ng DNA; P<0.05) compared to control (388 + 13 pmol / min/

ng DNA). No significant change was observed in other groups as seen in Figure 3.4 C.

3.3.2.4. Spare Respiratory Capacity

Spare respiratory capacity is the difference between basal and maximal respiration. The
existence of spare respiratory capacity is linked to the capacity of a cell to respond to increased
ATP demand under conditions of stress, and reduced spare respiratory capacity is seen as an

indicator of mitochondrial dysfunction [217]. A significant increase in cells treated with iron
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(311 £ 69 pmol / min/ ng DNA; P<0.05), OA+iron (278 + 61 pmol / min/ ng DNA; P<0.05)
and PA (294 + 65 pmol / min/ ng DNA; P<0.05) led to a significantly higher OCR compared
to control (133 £ 9 pmol /min / ng DNA) as seen in Figure 3.4 D. No other groups exhibited

significant differences from control.

3.3.2.5. Non-mitochondrial Respiration

Non-mitochondrial respiration is driven by non-mitochondrial oxidases such as NADPH
oxidases [217] and is measured following the addition of rotenone and antimycin A, which
block mitochondrial respiratory function. A significant increase was seen in cells treated with
iron (164 £ 20 pmol / min/ ng DNA; P<0.05), OA+iron (179 + 16 pmol / min/ ng DNA; P<0.01)
and PA (173 = 13 pmol / min/ ng DNA; P<0.01) compared to control (97 + 18 pmol / min/ ng
DNA). There were no significant differences in non-mitochondrial respiration between control

and the other treatment groups as seen in Figure 3.4 E.

3.3.2.6. ATP Production

ATP production here indicates ATP produced by the mitochondria to meet the energy
requirements of the cell. It is the difference between cellular basal respiration and respiration
measured in the presence of the ATP synthase inhibitor, oligomycin. ATP production was
significantly higher in cells treated with iron (320 + 41 pmol / min / ng DNA; P<0.05) and
OA-+iron (296 + 38 pmol / min/ ng DNA; P<0.05) compared to control (200 + 17 pmol / min/
ng DNA; Figure 3.4 F). The other groups showed no significant variation in ATP production.
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Figure 3.4 Changes in mitochondrial respiration upon iron and fatty acid loading in
AML12 cells for 12h. Mitochondrial respiration was measured in terms of oxygen
consumption rate (OCR). (A) Basal respiration, (B) proton leak, (C) maximal respiration, (D)
spare respiratory capacity, (E) non-mitochondrial respiration and (F) ATP production. Data are

presented as mean = SEM. *P<0.05, “"P<0.01 between the indicated measurements.



3.4. Discussion

Iron loading has been associated with NAFLD [218] and, given that liver is rich in
mitochondria and an important site of iron metabolism [56], investigating the effect of iron
loading on mitochondrial respiration may give us an important insight in to the role of iron in
NAFLD pathogenesis. The addition of fatty acids alone or in combination with iron may shed
light on how either iron or fatty acids modulate the electron transport chain (ETC) as there are
several enzymes involved in the pathway that require iron as a co-factor [174]. The advantages
of using intact cells instead of isolated mitochondria to study bioenergetics include avoiding
artefacts associated with mitochondrial isolation. It also offers greater physiological relevance
[217] as metabolism is supported by glycolysis. In addition, mitochondrial function can be
manipulated and many aspects of mitochondrial respiration can be measured simultaneously

[217].

Mitochondria have been implicated in the development and progression of NAFLD [172]
which has led to a focus on understanding the mechanism involved in mitochondrial
dysfunction [211]. To investigate the role of iron and lipid loading on mitochondrial oxidative
phosphorylation, mitochondrial bioenergetics was measured in AMLI12 cells. The
concentrations of iron and fatty acids, and the incubation time were designed to study the early
stages of iron and fatty acid loading on mitochondrial respiration. The modulators used in the
assay target the ETC and affect the OCR: oligomycin targets ATP synthase (complex V) and
leads to a decrease in OCR, FCCP dissipates the proton gradient across the inner mitochondrial
membrane, uncoupling oxidative phosphorylation and ATP synthesis, leading to an increase in
OCR, and rotenone/antimycin A target complexes I and III and decrease OCR as shown in

Figure 3.3.

Iron loading AML12 cells for 12 hours led to a significant reduction in cell viability which is
partly in line with the observation made in a study by Messner et al [119] which showed cell
viability to decrease upon iron loading and increase upon loading with oleic acid. It should be
noted that Messner et al [119] loaded with 50 uM (approximately 13 pg/mL) ferric ammonium
citrate for 2 h, although it is not entirely clear from the paper whether this was 50 uM iron or
50 uM ferric ammonium citrate, and iron delivery was mediated by 8-hydroxyquinoline, which
is a lipophilic iron chelator, compared to 30 pg/mL ferric ammonium citrate for 12 hours
without hydroxyquinoline in the present study. Additionally, the present study used 100 uM
OA for 12 hours, half the concentration used by Messner et al. A decrease in cell viability

(Figure 3.1) was detected in cells treated with PA alone or in combination with iron. PA has
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previously been shown to reduce cell viability in hepatocytes [219]. There was a larger (22%)
decrease in cell viability in the group treated with PA and iron together. This is likely to be due
to the combined cytotoxic effect of both the compounds given that iron has been linked with
oxidative stress and it enhances the effects of PA as, on its own, iron had only a very small
effect on cell viability. Iron has been shown to induce cell death in rat primary hepatocytes
related to ferroptosis along with changes in mitochondria such as reduction in mitochondrial
number and contracted cristae [220]. In another study in HepG2 cells, PA treatment led to an
intense mitochondrial fragmentation and reduction in overall mitochondrial volume [221]. It
can be argued that given both iron and PA lead to mitochondrial damage their combined effect
may also lead to a lower cell viability. A similar effect was seen in another study where iron
was found to be more cytotoxic in the presence of saturated fatty acids [119] compared to
mono-unsaturated fatty acids. It has been shown that PA causes apoptosis in cultured
hepatocytes [203] whereas OA promotes more steatosis but not apoptosis. A study using
HepG2 cells found there was no substantial decrease in cell viability in the presence of iron
alone suggesting that ROS generation was low and / or that ROS were detoxified by the
inherent cellular anti-oxidant response [222]. This protective response appears to be only
partially capable of protecting against insults by PA as well as iron and therefore led to a

reduction in cell viability.

ORO staining for neutral lipids confirmed the presence of lipids (red colour) across all the
groups including control. The presence of lipids in the control group is not surprising as
hepatocytes contain neutral lipids which can be stored in lipid droplets [223]. There were some
differences in the colour intensity of the stained lipids across the groups treated with different
FFA and this may be due to the presence of different lipid classes, but this will need further

investigation.

The measurement of basal respiration indicated a high OCR in cells treated with iron and
OA-+iron compared to the untreated cells. Addition of fatty acids has been shown to increase
basal respiration in hepatocytes [224]. However, this was not observed across all the groups
treated with FFA in the present study. It is possible that longer incubation times may lead to
observable changes associated with mitochondrial respiration. ATP turnover, substrate
oxidation and proton leak can control basal respiration therefore, it may change based on ATP
demand [217]. A similar observation was made in iron loaded HepG2 cells which led to an
increased mitochondrial respiration characterised by increased oxygen consumption and ATP

formation [225]. This has been explained based on iron deficient cells, which show reduced
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activity of citrate synthase and aconitase resulting in decreased formation of NADH. This
results in a decreased capacity of the cell to produce ATP by oxidative phosphorylation. There
have been reports of increased basal respiration due to fatty acid addition [224] by increasing
the production of protonmotive force by acting as substrates for oxidative phosphorylation and
thus increasing the NADH/NAD ratio. In the present study, the various treatments applied to
the cells did not have any effect on basal respiration except for the groups treated with iron and
OA-+iron. It should also be noted that cells treated with PA showed a reduced cell viability
compared to iron or OA treated cells, but it is unlikely that this would have an effect on the

measurements made as they were normalised to DNA.

Substrate oxidation in mitochondria leads to generation of protonmotive force. Some of the
protons leak back across the mitochondrial inner membrane and reduce the activity of the
respiratory chain [216]. A large proton leak may indicate severely damaged (uncoupled)
mitochondria, whereas a slight leak rate may indicate change in protonmotive force caused by
altered substrate oxidation [217]. Iron, OA, and OA+iron treated cells showed significant
increases in proton leak. The proton leak observed here may be a result of increased substrate
oxidation. A similar observation was made in a study conducted on HepG2 to investigate the
differential effect of OA and PA on lipid droplet and mitochondrial interaction. It was shown
that the mitochondrial transmembrane potential was maximal at 6h after OA incubation and
came down at 18h, whereas cells treated with PA peaked at 2h post incubation and then dropped
down at 6 and 18h peaking further at 24h. It should be noted that the study used double the
concentration of OA and PA compared to the present study [221]. Based on these observations
it can be speculated that PA may have brought about a change in proton leak which could not
be captured at 12h in the present study and a longitudinal study may give further insights into

the role of OA and PA on mitochondrial bioenergetics.

Maximal capacity helps to estimate the substrate oxidation giving insight into the role of
various compounds on cellular metabolism [216]. The groups that showed a significant
increase in maximal respiration were iron and OA+iron treated cells. It can be argued that iron
acted as a driver for substrate oxidation, increasing the maximal respiration as previous studies
have shown that iron deficiency is associated with decreased mitochondrial function linked to
reduced oxidative substrate metabolism [226-228]. The reason for PA not showing a similar
increase to the iron and OA+iron groups may be attributed to its apoptotic nature [203] as

evidenced by a decrease in cell viability.
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In order to meet increased energy demand, a cell can increase its spare respiratory capacity
[217]. Spare respiratory capacity is the difference between basal and protonophore induced
respiration and is an indication of how close a cell is to its bioenergetic limit. Cells loaded with
iron, OA+iron or PA showed significant increases in spare respiratory capacity. A decrease in
spare respiratory capacity may hint at mitochondrial dysfunction [217] which was not the case
in the present study. This signifies that neither FFA nor iron were able to induce an insult on

mitochondrial health and did not contribute to mitochondrial dysfunction.

Non-mitochondrial OCR increased in cells treated with iron, OA+iron and PA. Redox cycling
compounds, such as iron, have been shown to increase the rate of non-mitochondrial respiration
[229] which is the case here. It is possible that an increase in non-mitochondrial respiration
may be due to increased cytosolic ROS [230] generation. Iron and stearic acid have been shown
to increase oxidative stress in AML12 cells where ROS generation was two-fold higher in cells
treated with stearic acid+iron compared to iron alone [119]. Therefore, it is possible that
addition of PA would have caused a similar response as it is a saturated fatty acid just like
stearic acid. Saturated and unsaturated FFA act differently in mitochondrial dysfunction. OA
has been shown to readily accumulate in lipid droplets and reduce its toxicity whereas PA
stimulates mitochondrial oxidative damage leading to liver damage [221]. It is surprising that
cells treated with PA+iron did not show any significant change in non-mitochondrial OCR, and
this cannot be due to the reduced cell viability as the results were normalised to the DNA

content.

ATP linked respiration can be influenced by ATP utilisation, ATP synthesis, and substrate
supply and oxidation [216]. In the present experimental set up, cells treated with iron and
OA-+iron exhibited a higher OCR associated with ATP production. Cells treated with PA had
reduced cell viability compared to control cells in contrast to OA treated cells, which did not
exhibit any significant decrease in viability. A longer term (24 h) iron loading study using 100
uM iron chloride in the erythroleukaemic cell line, K-562, has shown that high iron availability
led to increased oxygen consumption and increased ATP production [225] as iron
supplementation leads to increased NADH formation by citric acid cycle which can be linked

to increased oxygen consumption and ATP formation by oxidative phosphorylation.

In a recent study conducted on patients with mitochondrial encephalopathy, addition of PA led
to a 30% reduction in ATP production and addition of OA led to an increased ATP production
compared to PA [231]. It is possible that the biochemical changes observed here may have led

to decreased cell viability as PA has been shown to induce apoptosis and reduce cell viability
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[232] and it is possible that a longer incubation may lead to much more pronounced changes
associated with cell viability and apoptosis. Work carried out in the laboratory as part of another
project using synchrotron imaging (data not shown) has revealed that iron loading results in
changes associated with lipid profiles in AML12 cells upon a longer incubation time than used
in the current experiments (more than 16 h) [205]. This suggests that to detect more pronounced
changes in mitochondrial bioenergetics, a longer incubation with iron and FAs may be required.
In conclusion, saturated and unsaturated fatty acids exert differential effect on mitochondrial
respiration where PA is more cytotoxic than OA, thereby reducing ATP production. Both
saturated and unsaturated fatty acids stimulate mitochondrial bioenergetics but with varying
profiles. Based on the results discussed in this chapter, the role of iron in mitochondrial function
and bioenergetics is very important as mitochondrial dysfunction is implicated in NAFLD
[211]. Iron here has been shown to enhance the effects of OA which is interesting given that
OA has been shown to be protective against cell lipotoxicity. These results also indicate that
the treatments in the present study increased mitochondrial function which also means that the

mitochondria were healthy.
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Chapter 4 Determination of Iron Concentration to Induce Dietary Iron
Loading
4.1. Background

Iron is an important trace element, as evidenced by its role in biological processes such as
cellular respiration, oxygen transport and erythropoiesis [151, 190]. Very tight regulation of
iron metabolism is required, as either iron deficiency or overload can have serious clinical
implications. Iron overload has been found to be associated with NAFLD [6, 10, 46]. Animal
models, including normal, transgenic, and knockout mice, have proved to be a valuable tool in
understanding iron metabolism and regulation. Nevertheless, there have been reports of sex,
strain, diet and feeding pattern influencing the outcomes of iron overload studies [151, 233,
234]. A 2% carbonyl iron has been used by many groups, including our laboratory, to study
the effect of iron loading and its subsequent effect on iron regulated metabolic pathways,
including gene expression and signalling [46, 235, 236]. The aim of this study was to find a
favourable concentration that would induce iron loading in mice liver. It is interesting to note
that most mouse studies have made use of male mice using 2% or higher iron concentrations
to induce iron loading and have focussed on NASH/fibrosis rather than steatosis. Different
studies have also used different strains, which may be a contributing factor for the observed
differences as different strains have been shown to have different basal iron levels [237]. Other
investigators have fed the animals for different time periods to load them. Strain had a
significant effect on plasma hepcidin, the key iron regulator (Section 1.6), whereas sex did not
show any such significance in mice fed a control diet, but had a significant effect on mice fed
a high iron diet, including the C57BL/6]J strain used in the present study [151]. A study on male
C57BL/6J mice indicated that 0.25% carbonyl iron is sufficient to induce maximal hepcidin
response [238] although mice were only fed the high iron diet for 2 weeks and were only 6
weeks of age at the time of sacrifice. It has been reported that there is an increase in hepatic
iron concentration [239] with age in mice fed high iron which means hepcidin response is also

likely to increase with age [240].

The investigation of mitochondria and peroxisomal fatty acid genes in NAFLD is important
because they play an important role in the breakdown of fatty acids and any dysregulation may
lead to NAFLD [241]. Mitochondria play an important role in small, medium and long chain
fatty acid B-oxidation whereas peroxisomes are involved in very long chain fatty acid B-
oxidation which cannot be performed by the mitochondria [241]. It is also known that increased

mitochondrial iron can lead to mitochondrial dysfunction and oxidative stress [242] and
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therefore the gene expression of both mitochondrial and peroxisomal fatty acid genes were
investigated to understand how increased iron can modulate mitochondrial and fatty acid

oxidation.

In the present study, female C57BL/6J mice were used to study the effect of varying iron
concentration on hepatic gene expression of iron, mitochondrial and peroxisomal fatty acid
oxidation genes. Mice were iron loaded with varying carbonyl iron concentrations for 3 weeks
as previously described [46]. The control diet used in this study was the correct nutritional
control for the high fat diet and contained calories in the form of carbohydrate rather than fat.
The present study was undertaken to determine a favourable concentration to induce dietary
iron loading and investigate the response of mitochondrial and peroxisomal fatty acid oxidation
genes and mitochondrial cholesterol accumulation to this iron loading.

4.2. Methods

Diets were prepared as described in section 2.3.2. Briefly, the powdered diet was used to make
dough which was then placed in silicone moulds to give a shape to the diet. A regular quality
control was maintained to make sure the diet remained free from any contamination. The mice
were divided into 5 groups: control (0.02% iron; n=5), 0.25% iron (n=4), 0.5% iron (n=4), 1%
iron (n=4) and 2% iron (n=4). Mice were fed the diets for 3 weeks from 8 weeks of age after
which they were fasted overnight before sacrifice. Livers were harvested; a sample from the
tissue was used for embedding in OCT for histology and the remainder immediately frozen in
liquid nitrogen until processing for RNA isolation, NHI assay and mitochondrial isolation.
RNA was isolated from liver as described in section 2.3.4 followed by cDNA synthesis using
a SensiFast™ cDNA kit (Bioline) as described in section 2.3.6. Real-time, quantitative PCR
was performed using SensiFAST" SYBR Lo-Rox chemistry (Bioline) as described in section
2.3.7. Results were quantified as previously described by Graham et al [46] using B-actin as

the house-keeping gene. Primer details are provided in Table 2.1.

Histology was performed on OCT embedded tissues as described under section 2.3.9. The NHI
assay was performed on liver tissue as well as isolated mitochondria as described in section

2.3.8. Mitochondrial NHI was measured as described in Section 2.4.3.

An Amplex Red Cholesterol assay kit (Life Technologies) was used to quantify the cholesterol
content of the isolated mitochondria. Mitochondrial fractions were dissolved 1:10 in the
reaction buffer provided in the kit. Cholesterol standards (8, 4, 2, 1, 0.5, 0.25 and 0 pug/ml) were
prepared from the 2 mg/ml cholesterol stock provided in the kit. Finally, 50 ul of diluted

mitochondrial fraction was mixed with 50 pl of working reagent (300 uM) which consisted of
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4.82 ml of 1x reaction buffer, 75 pl of Amplex Red stock solution (20 mM), 50 pl of horseradish
peroxidase (HRP) stock solution (200 U / ml) and cholesterol oxidase stock solution (200 U /
ml) and 5 pl of cholesterol esterase stock solution (200 U / ml). The cholesterol content in
isolated mitochondria (see section 2.4.3) was normalised to protein content, determined using

a bicinchoninic acid (BCA) assay (Pierce).
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4.3. Results

4.3.1 Hepatic iron concentration

There was an increase in the concentration of NHI in the livers of mice fed diets with increasing
concentrations of dietary iron (Figure 4.1 A). A significant difference in NHI was observed
across all the groups with increasing iron concentration starting with 0.25% (3.9 £ 0.3 umol /
gliver), 0.5% (6.3 + 0.8 umol / giiver), 1% (8.4 £ 0.4 umol / giiver) and 2% (15 £ 2.6 pmol / iver)
compared to control (1.6 £ 0.2 pmol / giiver; P<0.001). The increase in liver iron with increasing
dietary iron concentration was mirrored in the liver tissues stained for iron using Perls’ stain
(Figure 4.2 A-E). Iron loading showed a peri-portal distribution (blue colour) in line with

observations made by others [238].

Mitochondria were isolated from all the treated groups and NHI measured. Mitochondrial iron
increased with increasing dietary iron (Figure 4.1 B). The measured NHI concentrations were
control (78 = 9 nmol / giiver), 0.25% (139 = 27 nmol / Ziiver), 0.5% (250 = 28 nmol / Ziiver), 1%
(410 = 78 nmol / giiver) and 2% (641 £+ 214 nmol / giiver). Significant differences were observed
between all the groups, 0.25% (P<0.05), 0.5% (P<0.01), 1% (P<0.01) and 2% (P<0.05)
compared to control. When liver NHI content was plotted against mitochondrial NHI (Figure

4.1 C), a strong positive correlation was observed (R?>=0.822, P<0.0001).
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Figure 4.1. Influence of Dietary Iron Loading on Non-Haem Iron. (A) Hepatic and (B)
mitochondrial non-haem iron were measured in mice fed control diet (n = 5), or 0.25%, 0.5%,
1% or 2% carbonyl iron diet (n = 4 in each group). (C) Relationship between mitochondrial
and liver NHI. Non-haem iron was measured as described in section 2.3.8. Data in (A) and (B)

are presented as mean = SEM.
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Figure 4.2. Influence of Iron Loading on Hepatic Iron. Liver tissues from mice fed (A)
control diet, or (B) 0.25%, (C) 0.5%, (D) 1% or (E) 2% carbonyl iron were stained for iron

using Perls’ Prussian blue. Blue colour represents iron deposition. PV- portal vein.
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4.3.2. Effect of iron loading on mitochondrial cholesterol

To investigate if iron loading in mice led to increased mitochondrial cholesterol, total
cholesterol was measured in isolated mitochondria (Figure 4.3). Total cholesterol content in
the mitochondria was not significantly different between any of the groups: control (3.07 ug/
mg protein), 0.25% (2.95 pg / mg protein), 0.5% (3.35 nug / mg protein), 1% (3.35 pg/ mg
protein) and 2% (2.97 ug / mg protein).
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Figure 4.3. Influence of Iron Loading on Mitochondrial Cholesterol Content. Total
cholesterol in isolated mitochondria was measured in mice fed control diet (n = 4), or 0.25%
(n=13), 0.5% (n=4), 1% (n =3) or 2% (n =4) carbonyl iron diet. The assay was performed as

described in section 4.2. Data presented are mean + SEM.
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4.3.3. Body Weight

Mice fed control, 0.25%, 05%, 1% or 2% carbonyl iron were weighed prior to sacrifice (Figure
4.4). The control group weighed 19.6 = 0.7 g compared to the 0.25% (18.5+ 0.4 g), 0.5% (17.5
+ 0.2 g), 1% (184 + 0.2 g) and 2% (18.6 £ 1.0 g) iron groups. Despite increasing iron
concentration in the diet, the mice did not show any significant differences within groups in
their body weights which suggests that the diets were well-tolerated. All mice were monitored
twice a week for weight, coat, activity, breathing, movement, eating/drinking, presence or
absence of barbering, diarrhoea, and the observations noted in the monitoring sheet. All these
parameters were found to be normal during the study, indicating that interpretation of results

will not be complicated by the health status of the mice.
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Figure 4.4. Effect of Iron Loading on Body Weight. Mice fed the control diet (n =5),
0.25%, 0.5%, 1% or 2% carbonyl iron (n =4 per condition) diet was measured immediately

prior to sacrifice. Data presented are mean + SEM.
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4.3.4. Genes involved in hepatic iron homeostasis

Hepatic expression of genes involved in iron homeostasis, Hamp1 (hepcidin), divalent metal
transporter 1 and transferrin receptor 1 was examined in mice fed control, 0.25%, 0.55, 1% and
2% carbonyl iron diets (Figure 4.5). The expression of the mRNA for Hamp 1, which regulates
cellular and body iron homeostasis, exhibited a significant positive relationship with liver non-
haem iron (R*= 0.547, P<0.003). Dmtl expression did not show any significant relationship
with liver non-haem iron (R?= 0.038, P<0.4). The same was observed for Tfr/ (R?>= 0.005,
P<0.76). In summary, hepcidin expression increased with increasing hepatic iron concentration

but the genes involved in iron transport, Dmt/ and Tfr1, did not.
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Figure 4.5. Influence of Iron Loading on Hepatic Iron homeostasis genes. Relationship
between hepatic non-haem iron and hepatic gene expression of (A) Hampl, (B) DmtI and (C)
Tfrl in mice fed diets containing 0.02 to 2 % carbonyl iron (n = 18-19). Non-haem iron was
measured as stated in section 2.3.8 and gene expression by RT-PCR as described in section

2.3.7.
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4.3.5. Genes involved in mitochondrial and peroxisomal fatty acid oxidation

Hepatic expression of mitochondrial fatty acid oxidation genes, Acyl-CoA dehydrogenase
short chain (4Acads) and peroxisomal, Acetyl-Coenzyme A acyltransferase la (Acaala) was
examined (Figure 4.6). No significant relationship was observed between hepatic iron
concentration and Acaala (R?>= 0.005, P<0.76) or Acads (R?= 0.029, P= 0.481). This
observation is interesting given that NHI in the mitochondria increased with increasing hepatic
iron concentration (Figure 4.1 B) and a recent study showed that dietary iron loading
negatively affects liver mitochondrial function by impairment of mitochondrial oxidative
phosphorylation [243]. However, only a few genes involved in mitochondrial -oxidation were
investigated for this part of the study. This has been addressed in the next chapter where a

larger number of genes have been investigated using a single dietary iron concentration.
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Figure 4.6. Influence of Iron Loading on Mitochondrial and Peroxisomal Fatty Acid
Oxidation Genes. Relationship between hepatic non-haem iron and hepatic gene expression
of (A) Acaala and (B) Acads in mice fed diets containing 0.02 to 2 % carbonyl iron (n = 18-
19). Non-haem iron was measured as stated in section 2.3.8 and gene expression by RT-PCR

as described in section 2.3.7.
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4.4. Discussion

The study discussed in this chapter was aimed at finding a favourable iron concentration that
could be used to induce dietary iron overload in mice. This was important because the project
investigated the role of iron loading in NAFLD development instead of the more severe stages
of the disease which include NASH and fibrosis. Most of the published literature focusses on
NASH and fibrosis and uses a concentration of 2% or above to induce secondary iron overload
[213, 244]. It is very clear from the current results that increased dietary iron led to an increase
in hepatic iron content in a dose dependent manner and it also strongly correlated with
mitochondrial iron content. Mice accumulated iron in the liver localised to the peri-portal
region. It is important to note that similar stainable liver iron is present in about 34% of patients
diagnosed with NAFLD [112]. The pattern of iron distribution observed here is in line with
observations made elsewhere in mice and other organisms including humans [238].

In order to test the hypothesis that iron can be targeted towards the mitochondria, NHI was
measured in mitochondria isolated from mice fed varying dietary iron concentrations.
Mitochondrial NHI increased with increasing dietary iron concentration. This is interesting
because the iron transporter Dmtl was shown to be associated with mitochondrial iron uptake
[185] and is present in the OMM [186] and the induction of mitochondrial Dmtl expression
correlated with increased NHI. This observation becomes important as a strong positive
correlation was found between hepatic and mitochondrial NHI content in the present study.
Excess iron in the mitochondria can be detrimental to mitochondrial function [243] since, apart
from inducing ROS production, it can modulate the genes involved in mitochondrial fatty acid
oxidation and also alter the electron transport chain [245] by decreasing the activity of complex

II/IIT activity. Impairment of the electron transport chain can lead to mitochondrial dysfunction.

Previously, our group has shown that hepatic iron overload leads to up-regulation of cholesterol
biosynthesis genes [46] and increased liver cholesterol. Increased mitochondrial cholesterol
has been linked to NAFLD [246] where it is linked to the impairment of specific solute carriers
due to the change in physical property of the membrane. Therefore, I measured mitochondrial
cholesterol in mice fed varying iron concentration. No difference was observed in the
cholesterol content of isolated mitochondria at any iron concentration. This indicates that any
cholesterol produced due to iron loading was not targeted to the mitochondria. However, it is
NASH that is linked to excess mitochondrial cholesterol, not simple steatosis, so not seeing

increased mitochondrial cholesterol in the present study may not be surprising. The present
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study suggests that mitochondrial cholesterol loading may begin in the later stages of

development from steatosis to NASH.

In several studies involving mice and dietary iron overload, body weight has been found to
decrease with increasing iron concentration [238]. Interestingly, in the present study, there was
no significant decrease in mouse body weight in any group compared to controls. It has been
argued that increased iron concentration makes the diet less palatable resulting in the mice
eating less or that the diet is somehow detrimental to the health of the animals [238]. However,
in the present study the mice remained healthy throughout the study and did not show any sign
of discomfort. One of the reasons for reports of weight loss may be the form in which diet is
presented to the animals. In the present study it was noted that mice consume more when the
diet is softer than diets presented in pellet form (data not shown). In another study in our group,
we have found that grinding the dietary pellets and then making dough from these leads to
more rapid consumption by the mice. It is likely to be due to these reasons that the iron diet in

the present study did not lead to reduced body weight.

In order to assess the role of varying dietary iron concentration on hepatic expression of genes
involved in iron metabolism, mRNA expression of Hampl, DmtI and Tfrl was measured and
plotted against hepatic NHI. Hamp1, the gene that encodes hepcidin, which is a regulator of
iron homeostasis, increased with increasing iron concentration in line with previous
observations by us [46] and others [238]. In the present study, 1% carbonyl iron showed strong
correlation with hepatic NHI as seen by increase in Hampl expression when compared to
different concentrations used in the study (data not shown). Interestingly, a previous study
[238] reported that Hamp I expression plateaued at 0.25% carbonyl iron and no further increase
was observed even in mice fed higher carbonyl iron concentration. The current results indicate
that Hamp 1 expression does not plateau at 0.25% but increases further in mice fed higher iron
concentration up to 2% (Figure 4.5 A). There are several reasons which may help explain the
differences, including the sex, feeding duration and age of the animals. Sex and strain have
been shown to influence the expression of Hampl [151]. The study discussed above [238]
made use of male mice and those were fed for two weeks and were younger (6 weeks) than the
mice in the present study which were female, iron loaded for three weeks and were sacrificed
when 11 weeks old. Oestrogen response elements [86] have been show to regulate expression
of iron genes by modulating Hamp1 expression [247] and could play a role in controlling the
gene expression; however, they were not investigated as the focus of the present study was

elsewhere.
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Genes involved in iron transport including 7fr/ and Dmtl were also measured, but their
expression did not show any correlation with hepatic NHI. 7fr/ expression is controlled by
several factors including iron and oxygen status [248] and 7fr/ mRNA contains five IREs
which are responsible for its post-transcriptional regulation depending on cellular iron
concentration [249]. The lack of correlation here does not mean iron status did not have an
effect on Tfrrl expression. It is possible that the system was sufficiently iron loaded that any

further iron had no regulatory impact on 7fr/ expression.

The carbohydrate content of the control diet used here was high and this may have had an
impact on the gene expression, as in another study conducted in this project (discussed in
chapter 6), high fat diet significantly decreased hepatic iron content and altered hepatic iron
metabolism. The same alterations may have occurred here even though the source of fat was

different.

Mitochondrial dysfunction has been linked with NAFLD [250] and iron has been found to be
targeted towards the mitochondria. Mitochondria are an important site for fatty acid
metabolism which may alter fatty acid oxidation and the ETC. In addition, Dmt1 can facilitate
mitochondrial iron uptake [185]. The impacts of iron loading on mitochondrial and
peroxisomal fatty acid B-oxidation pathways were investigated in this study. None of the genes
investigated showed any correlation with hepatic iron concentration. This may be surprising
given that there is an increase in mitochondrial NHI with increasing iron concentration.
However, only a few genes involved in fatty acid B-oxidation were investigated as markers of
these pathways and, as a result, other genes which may have been impacted may have been
missed. This was addressed in the study described in the next chapter where a larger number
of genes involved in both mitochondrial and peroxisomal B-oxidation were studied. It is also
likely that the hepatic steatosis caused by the high carbohydrate content of the control diet may

impact the gene expression by having a regulatory effect on fat and iron metabolism.

In conclusion, 1% carbonyl iron was selected as a favourable concentration to be used in further
studies (Chapters 5 and 6). Increase in hepatic iron concentration correlated with increased
dietary iron. A similar trend was observed within the mitochondria and a strong correlation was
observed between hepatic and mitochondrial iron. Dietary iron loading did not lead to any
significant body weight difference in any of the groups. Despite the increase in mitochondrial
iron, no significant increase in mitochondrial cholesterol was evident. Increasing iron
concentration in the diet led to visible hepatic iron accumulation in the peri-portal region as

evidenced by Perls’ staining. The increase in hepatic iron also showed a strong correlation with
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hepcidin expression but did not affect expression of 7fr/ or DmtI which are involved in iron

transport. A similar observation was made for mitochondrial and peroxisomal fatty acid genes.
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Chapter 5 Hepatic Gene Expression in Dietary Iron Loading
5.1. Background

Iron overload has been associated with many pathological conditions including diabetes,
cardiovascular complications, and liver-related diseases [251-253]. Among liver-related
diseases, NAFLD has been associated with iron overload, and about one-third of patients
diagnosed with NAFLD exhibit altered iron homeostasis [218]. The consensus concerning the
role of iron overload in NAFLD is that progression is triggered by iron-catalysed oxidative
stress [11, 254]. As discussed in section 1.4, iron may not only contribute to the progression of
NAFLD but also to the initial lipid accumulation. It has been shown that dietary iron overload
in mice leads to upregulation of genes associated with cholesterol biosynthesis pathways and a

subsequent increase in hepatic cholesterol [46].

In the previous chapter (4), I showed that there is an increase in hepatic as well as mitochondrial
non-haem iron with increasing dietary iron concentration which supports the initial hypothesis
that iron is being transported to the mitochondria. It has also been shown that iron loading
negatively affects mitochondrial functions by causing a decrease in oxidative phosphorylation
[243]. Evidence from this laboratory suggests that iron loading in mice may affect the genes
involved in mitochondrial fatty acid oxidation which, in turn, may lead to hepatic fat
accumulation along with reduced ATP production, which may explain lethargy seen in patients
with haemochromatosis [255, 256]. It is important to note that patients suffering from NAFLD
also experience fatigue [257, 258] and this may also have a component attributable to hepatic
iron loading [259]. This becomes more meaningful because, as discussed previously, iron
loading in mice negatively affects mitochondrial function possibly leading to reduced ATP

turnover leading to fatigue [243].

Apart from negatively affecting mitochondrial function, iron overload may also lead to
increased cholesterol biosynthesis. It has been shown that in NAFLD, altered cholesterol
homeostasis and transport may lead to the accumulation of free cholesterol in the liver [260]
which can lead to the formation of hepatic cholesterol crystals. In this study, I investigated the
presence of cholesterol crystals during simple steatosis and the effect of dietary iron on
cholesterol crystal formation. It has been suggested that cholesterol crystals may be involved
in activation of inflammatory pathways, thereby contributing to progression to NASH [135]
[261].
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The studies presented in this chapter used female C57BL/6J mice to investigate the effect of
dietary iron loading on liver, spleen, and duodenal gene expression of iron-related genes along
with genes associated with fatty acid oxidation. The role of iron in relation to the formation of
hepatic cholesterol crystals, along with its role in activation of hepatic cells (inflammatory,
stellate and progenitor), which are markers of liver injury and NAFLD progression, was also

investigated.

5.2. Methods

Diets were prepared as described in section 2.3.2. The mice were divided into 2 groups, control
(n=10) and 1% iron (n=10). Mice were fed the diets for 3 weeks from 8 weeks of age after
which they were fasted overnight before sacrifice. Liver, spleen, and duodenum were collected,

and samples taken for RNA isolation and NHI determination. A separate liver sample was

embedded in OCT for histology.

RNA was isolated from liver as described in section 2.3.4 followed by cDNA synthesis using
the SensiFast™ cDNA kit (Bioline) as described in section 2.3.6. Real-time, quantitative PCR
was performed using SensiFAST™ SYBR Lo-Rox (Bioline) chemistry as described in section
2.3.7. Results were quantified as previously described by Graham et al [46] using B-actin as
the house-keeping gene. Primer details are provided in Table 2.1. Histology was performed on
OCT-embedded tissues which were 5 um in thickness as described under section 2.3.9. NHI

was determined in liver as described in section 2.3.8.

ORO staining was performed as described in section 2.4.2. Stained liver slides were examined
under a Nikon Eclipse microscope with and without polarizing filter for the presence of
cholesterol crystals under the guidance of expert blinded histopathologist A/Professor Vincent
Williams in the School of Pharmacy and Biomedical Sciences, Curtin University. A
quantitative analysis was performed for cholesterol crystallization by counting the number of
crystals per 10 randomly selected regions per sample, as described [10]. Sample area per field

was calculated using Nikon software.

To determine whether the iron diet caused any hepatic injury, a preliminary investigation using
immunohistochemistry (described in section 2.4.4) was performed on the sample from each
group that contained the highest number of cholesterol crystals. The details of the primary and

the secondary antibodies are listed in Table 5.1.

78



Epitope Host Species Reactivity Dilution
Primary Antibody
CD45 rat murine 1/400
aSMA murine murine, human 1/2000
panCK rabbit cow, murine 1/400
Secondary Antibody
IgG goat rat 1/400
IgG goat murine 1/400
IgG goat rabbit 1/400

Table 5.1. List of primary and secondary antibodies.
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5.3. Results

5.3.1. Mouse body weight and hepatic iron concentration

All the animals remained healthy through the course of the experiment, not showing any signs
or symptoms of physical stress and no observable changes in coat condition or activity. This
was reflected in the body weight (Figure 5.1) where there was no significant difference
between mice fed control (20.5 £ 0.5 g) or iron loaded (19.7 = 0.5 g) diets. Iron loading in mice

led to an increase in hepatic non-haem iron (12 = 1 pmol / giiver) compared to the control group

(2.3 £ 0.2 umol / giiver) (P<0.0001; Figure 5.2).
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Figure 5.1. Mouse body weight. Body weight of control (n = 10) and 1% carbonyl iron- (n =

10) fed mice was measured immediately prior to sacrifice. Data presented as mean + SEM.
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Figure 5.2 Hepatic non-haem iron concentration. Hepatic NHI was measured in mice fed
control diet (control; n = 10) or 1% iron diet (n = 10). NHI was measured as described in section

2.3.8. Data presented are mean + SEM
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5.3.2. Expression of hepatic iron homeostasis genes

Hepatic expression of genes involved in maintaining iron homeostasis was examined in mice
fed control or iron loaded diets (Figure 5.3). Gene expression showed a significant change in
Hampl expression with increasing hepatic iron (R?= 0.197, P< 0.05). Fpn expression did not
exhibit any measurable change with respect to hepatic iron and was not significant (R?= 0.006,
P< 0.74). Tfrl expression exhibited a decrease with iron loading and was very close to

statistical significance (R?*= 0.183, P< 0.06). DmtI expression did not show a significant

relationship with hepatic iron (R?>= 0.106, P< 0.18).
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Figure 5.3 Hepatic expression of iron homeostasis genes. Relationship between hepatic non-
haem iron and hepatic expression of (A) Hampl, (B) Fpn, (C) Tfrl and (D) Dmtl in control
(o) (n=5-10) and 1% iron (o) (n = 8-10) fed mice. Non-haem iron was measured as stated

in section 2.3.8 and gene expression by RT-PCR as described in section 2.3.7.
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5.3.3. Expression of mitochondrial and peroxisomal fatty acid metabolism genes

Linear regression analysis indicated non-significant relationships between the gene expression
of Acadvl (R?>= 0.009, P< 0.697) and Acads (R?>= 0.046, P< 0.458) compared to hepatic NHI
content (Figure 5.4A & C). In contrast, Acadm exhibited a significant decrease with hepatic
NHI (R?>=0.267, P< 0.03; Figure 5.4B) and Hadha (R*= 0.393, P< 0.01; Figure 5.4D) exhibited
a statistically significant decrease. The results suggest that hepatic iron loading may cause

selective oxidation of fatty acids.

In contrast to mitochondrial fatty acid genes, no changes in expression were evident in genes
involved in peroxisomal fatty acid metabolism: Acaala (R*= 0.003, P< 0.83) (Figure 5.5 A),
Echl (R?=0.025, P< 0.56) (Figure 5.5 B) and Sic27a2 (R?>= 0.001, P< 0.68) (Figure 5.5 C).
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Figure 5.4 Hepatic expression of mitochondrial fatty acid oxidation genes. Relationship
between hepatic non-haem iron and hepatic expression of (A) Acadvl, (B) Acadm, (C) Acads
and (D) Hadha in control (n = 5-10) and 1% carbonyl iron (n = 8-10) fed mice. Non-haem iron
was measured as stated in section 2.3.8 and gene expression by RT-PCR as described in section

2.3.7.
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Figure 5.5 Hepatic expression of peroxisomal lipid metabolism genes. Relationship between
hepatic non-haem iron and hepatic expression of (A) Acaala (B) Echl and (C) Slc27a2 in
control (n = 5-10) and 1% carbonyl iron (n = 8-10) fed mice. Non-haem iron was measured as

stated in section 2.3.8 and gene expression by RT-PCR as described in section 2.3.7.
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5.3.4. Effect of iron loading on iron homeostasis genes in the spleen

In order to investigate whether iron loading affects genes involved in iron homeostasis in
spleen, expression of Hampl, Dmtl, Fpn and Tfrl was measured (Figure 5.6). Hampl was
significantly decreased in the iron loaded group (0.6 £+ 0.1; P<0.05) compared to control (1.1 +
0.2). The other genes did not show any statistically significant differences between the two

groups of mice.
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Figure 5.6 Splenic expression of iron homeostasis genes. Gene expression of (A) Hamp1 (B)
Dmtl (C) Fpn and (D) Tfrl in control (n = 6) and 1% carbonyl iron (n = 6) fed mice. Gene
expression was performed by RT-PCR as described in section 2.3.7 and was normalised to -

actin. Data presented are mean + SEM.
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5.3.5. Effect of iron loading on iron homeostasis genes in the duodenum

In order to investigate if iron loading had any effect on duodenal expression of genes involved
in iron homeostasis, expression of Dmtl, Fpn and Tfrl was measured and compared to mice
fed a control diet (Figure 5.7). Interestingly, the expression of Dmtl (A) was significantly
reduced in mice fed iron loaded (0.3 + 0.1) diet compared to control (1.3 + 0.6; P<0.05). A
similar trend was seen for Fpn between control (1.0 £ 0.2) and iron-loaded (0.6 £+ 0.1) mice.
Although the difference was not statistically significant, it was close to the significance
threshold (P<0.08) and is likely to be biologically relevant. 7fr/ expression did not exhibit any
significant differences between the groups (P<0.22).
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Figure 5.7 Duodenal expression of iron homeostasis genes. Gene expression of (A) Dmtl,
(B) Fpn and (C) Tfrl in control (n = 5) and 1% carbonyl iron (n = 7) fed mice. Gene expression
was performed by RT-PCR as described in section 2.3.7 and was normalised to -actin. Data

presented are mean = SEM.
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5.3.6. Liver morphology

Liver morphology was studied using H&E staining and the presence of iron was detected using
Perls’ Prussian blue staining. The control and the iron diet fed mice showed hepatic micro-
vesicular fat deposition (Figure 5.8A & B) and this is likely to be attributable to the
carbohydrate content in the diet. In contrast, mice fed normal chow and iron loaded chow did
not exhibit micro-vesicular fat deposition but, interestingly, the iron diet fed mice showed the
presence of macrophages (Figure 5.8 C & D), suggesting inflammatory necrosis around the
portal area. The presence of iron was detected using Perls’ staining and can be seen deposited
mainly in the peri-portal region (Figure 5.8 F). In contrast, no staining was detected in mice

fed control diet (Figure 5.8 E).
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Morphology & Iron Deposition

Figure 5.8 Liver histology. Representative images of H&E stained livers from (A) control and
(B) 1% carbonyl iron fed mice. The arrow on image (A) represents lipid deposition and the
double arrow (B & D) inflammatory cells. Images (C) and (D) are H&E-stained sections from
mice fed a normal chow diet and 1% carbonyl iron mixed with chow diet. Perls’ staining for
the presence of iron in livers from (E) control and (F) 1% carbonyl iron fed mice. Blue colour
indicates the presence of iron. PV- portal vein. Staining was performed as described in sections

2.4.0 and 2.4.1. Scale bar 100 pum.
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5.3.7. Iron loading and hepatic cholesterol crystals

Oil Red O stained liver slides of both control and iron loaded livers were visualised under
polarised light (Figure 5.9) to evaluate the presence of cholesterol crystals. The crystals were
quantified by an accredited histopathologist, counting the crystals in ten random fields per
animal (0.26 mm? per field; Figure 5.9C). These crystals are rhomboid or needle-like
structures and appear birefringent under polarised light. Iron-loaded mice displayed an average
of 1.8 £ 0.9 cholesterol crystals / 0.26 mm? compared to control (0.4 + 0.2 / 0.26 mm?), but the
difference was not statistically significant (Figure 5.9C; P<0.28).
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Figure 5.9 Hepatic cholesterol crystals. ORO stained slides were visualised under polarised
light to detect the presence of cholesterol crystals. Representative images from (A) control
(n=5) and (B) iron-loaded (n=6) mice. Arrow indicates the presence of cholesterol crystals. (C)

Crystals were quantified as described in section 5.2. Data presented in (C) are mean = SEM.
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5.3.8. Hepatic injury markers

Given the apparent infiltration of macrophages seen with H&E staining, a preliminary
experiment was conducted to confirm whether hepatic injury was, indeed, present by
examining one mouse from each dietary group. Livers were examined for the presence of an
inflammatory marker (CD45), an activated stellate cell marker («-SMA) and a liver progenitor
cell (LPC) marker (panCK) (Figure 5.10). CD45 is a general marker for inflammatory cells
whereas stellate cells are known to be present when liver tissue progresses to fibrosis. Liver
progenitor cells are often associated with the presence of liver disease, including hepatocellular

carcinoma [209].

CD45 (inflammatory cell marker in white) expression was seen in both control and iron loaded
mice but a statistical comparison could not be made due to the sample size. Similarly, no
conclusion could be drawn for the other markers PanCK (liver progenitor cells in green) and
«-SMA (activated stellate cells in red). This was a preliminary experiment designed to

investigate a future direction for the project.
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Figure 5.10 Markers of hepatic inflammation. Immunohistochemistry of liver from mice fed
(A) control or (B) 1% carbonyl iron. One sample from each group was stained for CD45
(inflammatory cell marker), PanCK (activated stellate cell marker) and aSMA (liver progenitor
cell marker). DAPI was used to stain the nucleus (blue). Images were taken using a 20X

objective lens. The procedure was performed as described in section 2.4.4.
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5.4. Discussion

The role of iron overload in the pathogenesis and progression of NAFLD is still not very clear,
although increased iron stores in patients diagnosed with NAFLD and NASH has been reported
[10]. The results described in this chapter give an insight into the role of iron in the initial stages
of NAFLD pathogenesis and progression. There have been reports of hepatic iron accumulation
and its role in NASH and fibrosis [244, 262-264] but some of these studies have fed iron diet
for a longer period of time and have focussed on chronic iron overload. It is interesting to note
here that iron loading (1%) for three weeks in the present study led to the presence of

inflammatory and necrotic cells in the liver tissue despite the absence of fibrosis.

The presence of inflammatory cells in mouse liver can be linked to two different responses, the
first being the capacity of the liver to maintain organ and systemic homeostasis [265] and the
second being activation of inflammatory cytokines which is seen in NASH [266]. It is possible
that the mere presence of inflammatory cells in the liver may not lead to NASH or fibrosis as
they may work in tandem with, or be a response to, other insults. The cholesterol crystals
observed in this project indicate that the insults caused due to iron may very well serve to be a
starting point for the progression of NAFLD. The role of cholesterol crystals in NAFLD

progression is discussed in detail in Chapter 6.

It is important to note here that changes observed in the gene expression can be attributed to
the iron overload induced in the mice through diet. All the animals consumed adequate food in
both control and iron loaded group and remained healthy throughout the study. There was no
difference in the weights of either group at sacrifice. In some studies, mice on high iron diets
have been shown to weigh less than mice fed control diet [238]. Based on the observations
made in the present study, the form in which the diet is presented is important. I have noted
that mice tend to eat less when the diet is in a hard, pelleted form and addition of carbonyl iron
without any palatable additive may lead to mice consuming even less, possibly accounting for
the differences observed in the weights in other studies. In the present study, dough was made

from the powdered form of the diet and was considerably softer than diets in pellet form.

The Perls’ staining and the NHI in the mice liver confirmed iron loading in the peri-portal area
and this was also reflected by the increased Hampl expression. Hampl controls hepcidin
production which increases in conditions of iron overload, and this has been previously
reported by us and others [46, 238, 267] and limits iron absorption under iron loading
conditions. The 1% carbonyl iron used in the present study was sufficient to induce iron loading

and increase Hampl expression. It has been previously reported that hepcidin expression
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plateaus after loading with 0.25% carbonyl iron [238]; however, a plateau was not observed in
this study. One of the reasons may be the sex difference between this and the other study as in
the present study female mice were used compared to male mice in the other study. Female

mice have been shown to have higher hepcidin levels compared to male mice [151].

Fpn and Dmtl did not show any significant correlation with NHI. This result is in line with a
recently published study which has shown that wild-type and Hjv’~ mice can differentially
regulate Fpn expression in tissues linked with iron export [268] upon iron loading. One of the
reasons for not observing any significant correlation may be due to post-transcriptional
regulation of Fpn in the liver as another study discussed above found no change in Fpn mRNA
expression upon iron loading [268]. Tfr! expression exhibited a decrease with iron loading and
was very close to statistical significance, although another study did not report any change in
Tfrl expression [238]. The reason for seeing a decrease in the present study can be linked to
the high hepatic iron as iron exerts a control on 7fr/ expression as decreased IRP binding leads

to degradation of 7fr/ mRNA under conditions of iron loading.

There are other factors which may play a role in regulation of hepatic gene expression,
including age, sex and strain [151], dietary feeding pattern and duration of iron loading. In
general, female mice have higher hepcidin levels compared to males; however, findings related
to sex differences in iron metabolism are sparse in C57BL/6J mice [103, 151]. In bilaterally
ovariectomized and sham-operated C57BL/6J mice, oestrogen has been shown to play an
important role in the regulation of iron homeostasis through oestrogen response element (ERE)
in Fpn promoter region and its effect on hepcidin and ferroportin signalling [86, 247]. Hepatic
expression of ferroportin was induced in mice which were ovariectomized as compared to

sham-operated mice [86] which highlights the role played by oestrogen in iron metabolism.

Mitochondria play an important role in cellular energy supply by oxidizing fats and sugars to
generate ATP [269]. Mitochondrial dysfunction has been linked to NAFLD and its progression
to NASH [158] and iron overload has been found to negatively affect mitochondrial function
[243]. In the present study, I investigated the role of iron loading and its effect on mitochondrial
fatty acid oxidation genes. The results indicate that increased iron in the mitochondria is
associated with reduced expression of selected fatty acid oxidation genes. The reduced gene
expression is consistent with increased fatty deposition in the liver and is characterised as
simple steatosis. The expression of Acadm, the gene which encodes the enzyme acyl CoA
dehydrogenase for medium chain fatty acids, decreased with iron overload along with Hadha,

the gene which encodes the alpha subunit of the trifunctional enzyme and catalyses the last
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three reactions of mitochondrial B-oxidation [270, 271]. The decreased gene expression upon
iron loading as reflected by Acadm may be due to several factors including impaired
mitochondrial function due to oxidative stress or inflammasome activation. Although oxidative
stress and inflammasome activation was not measured in the present study, a previous study in
a mouse model of dietary iron overload has shown similar results [244]. In that study, mice on
an iron diet showed increased inflammatory immune cell activation along with reduced
mitochondrial fatty acid f-oxidation [244]. The finding in the present study suggests that iron
overload leads to increased fat accumulation in the liver by decreasing fatty acid B-oxidation.
A recent publication from our laboratory has shown that iron loading in AML12 cells leads to
de novo lipid synthesis [205] which further validates the role of iron in initial fat accumulation.
It is important to note that the cellular metabolism of short and medium chain FAs have lesser
dependence on fatty acid-binding proteins compared to longer chain FAs [272]. The diet
containing 1% carbonyl iron also had an enriched carbohydrate composition which may have
a role in gene expression as medium chain FAs which can be transported from the enterocytes
through the portal vein to the liver can modulate tissue carbohydrate and lipid metabolism by
inhibiting glycolysis and enhancing lipogenesis [272]. In summary, the reduction in gene
expression hints at fatty acid accumulation in the liver upon dietary iron loading which
strengthens the hypothesis that iron overload plays an important role in fatty accumulation seen

in NAFLD.

Dietary non-haem iron, which is in ferric form, gets converted into the transportable form
(Fe™) by duodenal cytochrome b (Dyctb), a ferric reductase [273]. The reduced iron is then
transported by Dmtl into the intestinal enterocytes and then further exported through
basolateral membrane by Fpn. The duodenal gene expression of Dmtl, Fpn and Tfrl was
measured in control and iron loaded mice. The expression of Dm¢l was increased in control
mice compared to iron loaded mice which is in line with similar observations made by another
group [274]. The expression of Fpn too showed a similar trend and was very close to being
statistically significant, and no change was observed in the expression of 7fr/. These results
make biological sense as iron loading in mice led to increased hepatic iron and Hampl
expression. This is consistent with decreased uptake of iron into the duodenum, highlighted by
a decrease in DmtI expression in iron loaded mice and also a decreased export from enterocytes
into the circulation. A similar observation was made in a study conducted on patient samples
where decreased gene expression of Dmtl & Fpn also led to a decrease in protein expression.

The results suggest that there is a tight linkage between body iron stores and dietary iron

96



absorption and confirms the presence of adaptive regulation of Dmt1 and Fpn under condition

of secondary iron overload.

In order to investigate if dietary iron loading led to changes in iron gene expression in the
spleen, the expression of Hamp1, Fpn, Dmtl and Tfrl was measured in the spleens of mice fed
control or high iron diet. Although spleen iron content was not evaluated in the present study,
Hamp1 expression in the spleen was found to be decreased compared to control mice. None of
the other genes showed any significant differences. In another study, the NHI content of the
spleen was found to increase with dietary iron overload [238] whereas another study in mice
which used 3% carbonyl iron did not find any statistical difference in Hampl mRNA in the
spleen [275]. It is not very clear why Hampl expression decreased in iron loaded mice. One
possible reason may be that the C57BL strains have much lower spleen iron content compared
to some other strains [276]. Hamp1 is very tightly regulated by iron stores and a low iron store
in the spleen may lead to reduced expression. Genetic modifiers may also play a role in high
or low iron phenotype as a genetic variation in Monla, a protein involved in the vesicular
trafficking of FPN to the cell membrane, has been found to modify iron loading in macrophages

[276].

H&E staining was performed to investigate the effect of iron loading on liver morphology.
Both control and iron loaded mice showed steatosis, characterised by micro-vesicular fat
deposition. These observations have been made in another study where high carbohydrate and
high fat diet led to high fatty acid accumulation which was more noticeable in high
carbohydrate diet as compared to HFD [277]. The present control diet had a high concentration
of digestible carbohydrate which would have contributed to steatosis, which may explain the
higher number of the fat vacuoles compared to the high fat diet, which will be discussed in

chapter 6.

Excessive iron in the liver has been shown to induce inflammation by activating nuclear factor
kB (NF-kB) which in turn activates transcription of proinflammatory cytokines including
tumour necrosis factor « (TNFa«) and interleukin-6 (IL-6) [278]. In rodents, iron loading led to
an increase in mMRNA of TNF« along with that of several other proinflammatory cytokines such
as [L-6 and IL-1P [279, 280]. Despite such evidence, any histological proof of the presence of
inflammatory cells in human or rodent liver is lacking in the current literature [262]. The
present study appears to be the first to report that short term iron loading leads to the presence
of inflammatory cells around the blood vessels and bile ducts which may or may not be

activated and this will need further investigation. The possibility of this being due to
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carbohydrate content of the diet can be eliminated as this observation was also made in mice
fed an iron loaded standard chow diet which did not lead to the manifestation of steatosis. In
short, dietary iron overload is associated with the presence of inflammatory cells in the liver

which induce inflammatory response.

Hepatic cholesterol crystals have been reported to distinguish between simple steatosis and
NASH [135]. There have been reports where dietary cholesterol has been linked to the
progression of NAFLD in animal models [134, 281]. In order to determine if iron has any link
to cholesterol crystal formation in NAFLD, liver samples from both control and iron diet were
stained for the presence of neutral lipids and the slides visualised under polarised light, as
cholesterol crystals are birefringent. Cholesterol crystals have been shown to be present inside
lipid droplets [281]. Interestingly, when the crystals were quantified, no significant difference
was found between the two groups. In other words, the control group had negligible cholesterol
crystals and few crystals were seen in the iron loaded group. The most likely reason for this is
that the iron diet did not increase the production of cholesterol sufficiently to allow it to

consistently precipitate and form crystals.

Iron overload and its effect on hepatic fibrosis and cirrhosis has been extensively investigated
in several animal models of hepatic iron overload but has failed to generate a general consensus
on iron’s role in the development of either fibrosis or cirrhosis [150, 282, 283]. It has to be
noted here that the form of iron administration in the animals may lead to a different distribution
pattern in the body. For example, dietary iron loading using carbonyl iron or ferrocene leads to
peri-portal iron accumulation in the liver which mimics hereditary haemochromatosis [284,
285]. In parenteral methods of iron loading, including intravenously, intramuscularly, or
intraperitoneally administered ferric nitrilotriacetate, iron dextran or iron sorbitol, iron
accumulates in the hepatocytes without any zonal pattern, which is similar to that seen during
secondary iron loading in thalassaemia [262]. Iron accumulation in these models can be
increased up to 75-fold without having overt toxicity [262]. It is noteworthy that despite using
a very high iron concentration in whatever form for a prolonged period of time, neither mice
nor rat models show any sign of hepatic fibrosis [150, 286, 287]. Even though hepatic
inflammatory cells were seen in mice fed the iron diet in the present study, it did not progress
to fibrosis. The second reason may be due the influence of strain as C57/BL6 mice are relatively
resistant to liver fibrosis due to altered T-cell responses [288]. Therefore, iron on its own may

not be able to cause fibrosis but other external or internal factors including signalling pathways
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and strong inflammatory response may be needed to cause any degree of noticeable hepatic

fibrosis.

In order to find if iron loading had any effect on hepatic injury, I looked at inflammatory,
fibrotic and cancer cell markers on mouse liver from the control and iron loaded group. In both
groups, expression of CD45 (inflammatory marker) was prominent. This can be explained by
the presence of inflammatory cells which were detected in both control and iron loaded groups.
A previous study has shown that mice fed a high carbohydrate diet exhibit increased hepatic
inflammation [277]. The carbohydrate content is able to increase the production of pro-
inflammatory cytokines such as IL-1f and TNF-o which in turn increase nitric oxide
production which ultimately leads to increased inflammation [277]. The high carbohydrate
content of the diet also led to prominent visible steatosis in the liver sections stained with H&E
which is in line with a similar observation made by another group [289]. Although it was a
preliminary experiment, the inflammatory cell marker (CD45) in the iron loaded group was
seen to be localised towards the portal area in comparison to the control diet where it was far
more spread throughout the tissue. This pattern could be due to the peri-portal distribution of
iron, adding weight to the suggestion that it is iron that causes the infiltration of inflammatory
cells. The other markers, «SMA for activated HSC, and PanCK for LPC, did not show any
conclusive differences. This experiment was carried out on selected samples only and a higher
sample size should provide more conclusive evidence of any role for inflammatory cells,

hepatic stellate cells and liver progenitor cells in iron loaded liver.

In summary, the present study has shed some light on the role of iron loading in NAFLD. The
hepatic distribution of iron was found to be around the portal area as has long been observed.
The results discussed in this chapter indicate that dietary iron loading may lead to hepatic fat
accumulation in the liver by reducing mitochondrial B-oxidation of fatty acids. Dietary iron
loading also led to an increase in liver NHI which in turn appeared to lead to the presence of
inflammatory cells in the liver, indicating that iron may be a driver of hepatic insults that initiate
or facilitate the progression of NAFLD. The increase in hepatic iron and decreased expression
of Dmtl and Fpn expression being very close to the statistical significance threshold in the
duodenum suggests decreased iron absorption by the duodenum and decreased export from the
enterocytes. Previous research in the laboratory has shown that iron loading led to increased
cholesterol biosynthesis, but such an observation was not made in the present study. One of the
reasons for this may be the lower dietary iron concentration used in this study compared to the

previous study [46] which may not have been enough to induce observable cholesterol
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biosynthesis over the timeframe of the experiment. Additionally, gender and strain differences
may have played a role. In the present study, very few cholesterol crystals were observed in
the liver of either control or iron fed mice although both iron loaded, and control mice showed
some hepatic inflammatory cell markers (CD45). Overall results point to a role for iron in initial
fat accumulation in NAFLD as well possibly driving hepatic inflammation which can lead to

NAFLD progression on prolonged dietary iron loading.
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Chapter 6 Hepatic Changes Associated with High fat and High Iron diet
6.1. Background

The interaction between iron and lipid metabolism has been a focus area for understanding the
pathogenesis and progression of NAFLD. The liver occupies centre stage of iron and lipid
metabolism because it is the major site of lipid metabolism and iron storage [14]. Many studies
in this area have linked iron to the progression of NAFLD due to its ability to induce oxidative
stress and inflammation [10, 218], affecting hepatic mitochondrial function, thereby leading to
reduced ATP production [243]. However, little information is available concerning how iron
accumulation contributes to the initial fatty deposition in the liver. Previous data from the
laboratory suggests that hepatic iron loading leads to increased lipid deposition in the liver
caused by increased expression of cholesterol biosynthesis genes [46]. Therefore, along with
causing oxidative stress, iron overload may also play an important role in hepatic lipid
deposition and reduced mitochondrial function, and hence is an important contributing factor

in NAFLD pathogenesis and progression.

Many studies have investigated the role of iron and high fat alone, but I am unaware of any
studies that have investigated the role of dietary iron and lipid interaction together. The review
by Ahmed et al [14] discussed conflicting results in a study conducted on rats. Another study
[147] reported no changes associated with cholesterol synthesis and excretory pathways, but
an upregulation of the cholesterol secretory pathways. A study from our laboratory [46]
reported an increase in hepatic cholesterol synthesis upon iron loading in mice. The conflicting
results may be due to different experimental models, dietary feeding pattern as well as sex,
strain and age of the animals used [15, 151]. Additionally, most studies looked at the latter
stages of NAFLD - NASH and fibrosis [290]. It is important to note here that the studies
discussed above were carried out by inducing dietary iron overload in the absence of HFD as
they investigated the effect of iron on lipid metabolism and not the interaction. In the study
discussed in this chapter, mice were fed HFD along with dietary iron to understand the effect

of both nutrients fed together on hepatic changes in NAFLD.

An excess of cholesterol which may be present in the liver either due to iron overload, as
discussed earlier, or accumulated as a result of high fat diet with added cholesterol, can be
detrimental to health. High cholesterol has been shown to enhance endoplasmic reticulum
stress which is linked to NAFLD and NASH [291]. Cholesterol crystals are formed due to
unesterified cholesterol supersaturation leading to crystal precipitation in the cell [292]. In a

study which looked at cholesterol crystal mediated inflammation, it was shown that the
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cholesterol crystals interact with cellular membrane. The crystals, once bound to the cell
membrane, extract cholesterol from the cell surface leading to the rupture of the membrane.
Interestingly, some authors have argued that the presence of hepatic cholesterol acts as a marker
of NASH [135, 290]. Cholesterol crystals have also been linked to fibrosing NASH in NAFLD
patients [137]. It is important to note that the process of cholesterol crystal formation in the
lipid droplet in mice exhibits phase transition capabilities [293] starting with isotropic droplet
transitioning to liquid crystal and then to complete crystals. The study which indicated
cholesterol crystals to be a marker of NASH may have concentrated on NASH patients as
majority of them (15/16) presented with cholesterol crystals as compared to patients with
simple steatosis (3/14). It should be noted that patients with iron overload were excluded from
the study [137] whereas, in the current study, mice fed with high iron along with HFD were
used to investigate the interaction of the two nutrients and their role in hepatic cholesterol

crystal formation.

The study discussed in this chapter investigated the effects of high iron combined with high fat
and presents important insights into their interaction and subsequent impact on NAFLD. The
major observations are a reduction in hepatic iron concentration in the presence of HFD, and a
reduction in cholesterol crystals in the presence of iron and high fat compared to high fat alone.
The HFD increased the gene expression of genes involved in peroxisomal fatty acid oxidation,

suggesting increased import, possibly leading to enhanced fat accumulation in the liver.

6.2. Methods

Diets were prepared as described in section 2.3.2. The mice were divided into two groups, HFD
(n=10) and HF + 1% iron (n=10). All mice were fed HFD diet for 8 weeks, following which
one group continued with the HFD for 3 weeks and the other group were fed HF + iron for 3
weeks. Mice were fasted overnight before sacrifice. Liver, spleen, and duodenum were
collected, and samples taken for RNA isolation and NHI determination. A separate liver sample
was embedded in OCT for histology. All tissues were snap-frozen in liquid nitrogen.

All the other procedures including RNA isolation, qPCR, NHI assay, and histological studies
were performed as described in the previous chapter (Section 5.2). Data analysis was

performed using GraphPad Prism 8 software.
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6.3. Results

6.3.1. Mouse hepatic iron concentration and liver histology

Mice fed HFD had lower hepatic NHI content (1.8 = 0.1 umol / giiver) compared to the group
fed HFD + iron (8.6 £ 0.5 pmol / giiver; Figure 6.1 A; P<0.0001). Interestingly, the HFD (1.8
+ 0.1 umol / giiver) led to a small decrease (P<0.05) in hepatic NHI content compared to mice

fed the control diet (2.3 + 0.2 pumol / giiver) as shown in Figure 5.1A.

The difference in the NHI content between the HFD and HFD + iron group was further
validated by staining the liver tissue for the presence of iron (Figure 6.1 B&C). The HFD fed
group exhibited minimal Prussian blue staining (Figure 6.1B) compared to the HDF + iron
(Figure 6.1C) group. Importantly, the high-fat diet did not appear to change the distribution of

iron, which was peri-portal, similar to the distribution in control mice (see Figure 5.8 E&F).

Morphological changes associated with feeding mice HFD or HF + iron were studied using
H&E staining (Figure 6.2). The nucleus is stained blue and the cytoplasm pink. Both diets led
to fat deposition in the liver indicating the presence of steatosis. Microvesicular fat deposits
(arrows) were seen in both HFD (Figure 6.2A) and HF + iron (Figure 6.2B) fed mice. The fat
droplets were found near the portal vein which was confirmed by Oil Red O staining (Figure
6.2 C & D). The fat droplets showed different colour intensity when stained with Oil Red O.
It is possible that this may be due the presence of different lipid classes in the liver with varying

concentration.
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Figure 6.1 Hepatic non-haem iron concentration. (A) Hepatic NHI was measured in mice
fed high fat diet (HFD; n = 10) and high fat + iron diet (n = 10). NHI was measured as described
in section 2.3.8. All data presented are mean + SEM. Perls’ staining for the presence of iron in
livers from (B) HFD and (C) HFD + iron fed mice. Blue colour indicates the presence of iron.
PV- portal vein. Images were taken using a 10X objective lens. Staining was performed as

described in section 2.4.0. Scale bar is 100 pm
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Figure 6.2 Liver histology & neutral lipid staining. Representative images of H&E staining
of livers from (A) HFD and (B) HFD + iron fed mice. The arrows indicate representative fat
deposition. Oil Red O counterstained with hematoxylin for the presence of neutral lipids in
livers from (C) HFD and (D) HFD + iron fed mice. Red colour indicates the presence of lipid
highlighted by the arrows. PV- portal vein. Images were taken using a 10X objective lens.

Staining was performed as described in section 2.4.1 and 2.4.2. Scale bar = 100 um
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6.3.2. Mouse body and liver weight

Body weight of the mice fed HFD or HFD + iron was measured just before sacrifice (Figure
6.3 A). The difference in body weight between mice fed HFD (21.0 + 0.8 g) and mice fed HFD
+ iron (19.0 £+ 0.3 g) did not reach statistical significance (P<0.06) indicating that addition of
iron in HFD did not have any effect on the body condition. The whole liver weight of the
animals was measured (Figure 6.3 B), and no significant difference was observed between the

two groups (P<0.72).

251 P=0.062

Body weight (g)
s @ 8

(5]
1

o
1

-
3}
1

P=0.724

-
o
1

Liver weight (g)
e
T

o
o
L

Figure 6.3 Mouse body and liver weight. (A) Body weight of HFD (n = 10) and HFD + iron
(n = 10) fed mice was measured immediately prior to sacrifice. (B) Wet liver weight measured

immediately after removal. Data presented as mean + SEM.
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6.3.3. Expression of hepatic iron homeostasis genes

Hepatic expression of iron homeostasis genes was examined in mice fed HFD and HFD + iron
(Figure 6.4). There was a statistically significant linear increase in Hamp I expression in mice
fed HF + iron compared to HFD fed mice (R?>= 0.532, P<0.0001). A similar significant increase
was seen for Fpn (R*= 0.258, P<0.05). Of the other two genes, Dm¢I increased significantly
with hepatic iron (R?= 0.206, P<0.05) and Tfr'/ showed no significant correlation (R?= 0.129,
P<0.17).
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Figure 6.4 Hepatic expression of iron homeostasis genes. Relationship between hepatic non-
haem iron and hepatic expression of (A) Hampl (B) Fpn (C) Tfrl and (D) Dmtl in HFD (o)(n
=7-9) and HFD + iron (e) (n = 7-9) fed mice. Non-haem iron was measured as stated in section

2.3.8 and gene expression by RT-PCR as described in section 2.3.7.
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6.3.4. Expression of mitochondrial and peroxisomal fatty acid metabolism genes

The effect of HFD on mitochondrial fatty acid oxidation genes was investigated in mice fed
HFD or HF + iron. (Figure 6.5). The expression of genes involved in the first step of
mitochondrial beta oxidation of very long (Acadvl), medium (4cadm) and short chain (4Acads)
fatty acids, as well as the alpha subunit of the trifunctional enzyme (Hadha) that catalyses the
remaining three reactions, was investigated. Linear regression analysis revealed no significant
relationships between hepatic NHI content and the gene expression of Acadvl (R*= 0.012,
P<0.68), Acadm (R?= 0.137, P<0.12), Acads (R*= 0.084, P<0.24) or Hadha (R*= 0.030,
P<0.51). The results suggest that the effect of hepatic iron on fatty acid oxidation is lessened
in the presence of high fat compared to the results from mice fed the control diet, with or

without iron (Chapter 5).

The expression of peroxisomal fatty acid oxidation genes in mice fed HFD and HF + iron was
also investigated (Figure 6.6). Expression of the acyl transferase (Acaala) and
hydratase/isomerase (Echl), genes involved in peroxisomal fatty acid f-oxidation, and fatty
acid transporter and synthetase (Slc27a2), were plotted against hepatic NHI. Linear regression
analysis showed a positive correlation with Acaala (R*= 0.255, P<0.04) and Sic27a2 (R*>=
0.300, P<0.02) whereas Echl (R>= 0.085, P<0.27) did not show significant correlation.
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Figure 6.5 Hepatic expression of mitochondrial fatty acid oxidation genes. Relationship
between hepatic non-haem iron and hepatic expression of (A) Acadvl (B) Acadm, (C) Acads
and (D) Hadha in HFD (n = 6-9) and HFD + iron (n = 8-10) fed mice. Non-haem iron was
measured as stated in section 2.3.8 and gene expression by RT-PCR as described in section

2.3.7.
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Figure 6.6 Hepatic expression of peroxisomal lipid metabolism genes. Relationship between

hepatic non-haem iron and hepatic expression of (A) Acaala (B) Echl and (C) Slc27a2 in HFD

(n=6-7) and HFD + iron (n = 9-10) fed mice. Non-haem iron was measured as stated in section

2.3.8 and gene expression by RT-PCR as described in section 2.3.7.
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6.3.5. Effect of high fat and high fat plus iron on iron homeostasis genes in the spleen

In order to investigate if the reduction in hepatic NHI due to HFD had any effect on genes
involved in iron homeostasis in the spleen, expression of Hampl, Dmtl, Fpn and Tfrl was
measured (Figure 6.7). The results are plotted differently from those in figures showing hepatic
data as tissue iron content was not measured. Splenic gene expression was investigated with
the hypothesis that the excess hepatic iron, which was decreased following feeding of HFD,
may be targeted to the spleen. The increased iron in turn may regulate the expression of iron
genes. However, no significant association was found between any of the measured genes when
HFD and HFD + iron groups were compared: Hamp1 (P<0.17), DmtI (P<0.64), Fpn (P<0.35)
and Tfrl (P<0.12).
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Figure 6. 7 Splenic expression of iron homeostasis genes. Gene expression of (A) Hampl,
(B) Dmtl, (C) Fpn and (D) Tfrl in HFD (n = 8) and HFD + iron (n = 9-10) fed mice. Gene
expression was performed by RT-PCR as described in section 2.3.7. All data presented are

mean = SEM.
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6.3.6. Effect of high fat and high fat plus iron on iron homeostasis genes in the
duodenum

Expression changes associated with iron genes in the duodenum of mice fed HFD and HF +
iron diet was investigated (Figure 6.8). Dmtl expression was significantly increased in HF +
iron fed mice (0.62 + 0.07 relative units) compared to HFD (0.35 £ 0.08; P<0.05). Similarly,
Tfr1 expression was significantly higher in HF + iron fed mice (20 + 6 relative units) compared
to HFD (4.1 + 1.4; P<0.05). Irrespective of the observed differences in Dmtl and Tfrl, Fpn

expression did not show any significant difference between the two groups (P<0.15).
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Figure 6. 8 Duodenal expression of iron homeostasis genes. Gene expression of (A) Dmtl,
(B) Fpn and (C) Tfrl in HFD (n = 6-7) and HFD + iron (n = 7-10) fed mice. Gene expression
was performed by RT-PCR as described in section 2.
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6.3.7. Differences in hepatic cholesterol crystals associated with high fat and high fat
plus iron

Cholesterol crystals of different shapes and sizes were detected in mice fed HFD and HF + iron
(Figure 6.9). The crystals are thomboid or needle-like structures and appear birefringent under
polarised light. The crystals were quantified by an accredited histopathologist, counting the
crystals in ten random fields per animal (0.26 mm? per field; Figure 6.9 C). There were
significantly more crystals (P<0.0001) observed in HFD (6.7 + 0.8 crystals / 0.26 mm?)
compared to HF + iron-fed mice (1.5 + 0.3 crystals / 0.26 mm?). It is interesting to note that
there was a strong negative correlation (R>= 0.648, P<0.01) between cholesterol crystals and
NHI (Figure 6.9 D), suggesting that the decrease in hepatic cholesterol crystals was mainly

due to the presence of iron in the mouse livers.
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Figure 6.9 Hepatic cholesterol crystals. ORO stained slides were visualised under polarised
light to detect the presence of cholesterol crystals. Representative image from (A) HFD (n=6)
and (B) HFD + iron (n=6) fed mice. Arrows indicate the presence of cholesterol crystals.
Images were taken using a 20X objective lens. (C) Quantification of hepatic cholesterol
crystals. Crystals were quantified as described in section 5.2. Data presented are mean + SEM.

(D) Relationship between hepatic NHI and cholesterol crystals.
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6.3.8 Markers of hepatic injury

In order to investigate whether HFD or HF + iron fed mice developed any hepatic injury, a
liver from one mouse from each dietary group was examined using immunohistochemistry
(triple staining) for the presence of an inflammatory marker (CD45), a hepatic stellate cell
marker («-SMA) and a liver progenitor cell (LPC) marker (PanCK) (Figure 6.10). These have

been discussed previously in section 5.3.8.

In the HFD fed animal (Figure 6.10A), there was an observable presence of inflammatory cells
(white) in liver tissue with minimal expression of LPC (green) and no hepatic stellate cell
expression (red). However, in the animal fed HF + iron (Figure 6.10B), there was increased
presence of both inflammatory cells and LPC. The expression of stellate cells was the same in
both animals. Although this observation is preliminary, being made from only a single animal
from each condition, it is possible that the presence of iron in HFD further adds to hepatic
injury by increasing inflammatory cells as well as LPCs and will be investigated in depth in

future studies.

115



Figure 6.10. Immunohistochemistry of mouse liver. Mice were fed (A) HFD or (B) HFD +
iron diet. One sample from each group was stained for CD45 (inflammatory cell marker)
PanCK (activated stellate cell marker) and aSMA (liver progenitor cell marker). DAPI was
used to stain the nucleus (blue). Images were taken using a 20X objective lens. The procedure

was performed as described in section 5.2.
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6.4. Discussion

In the study described in this chapter, the effect of high fat and high fat + iron diet on iron
genes, cholesterol crystal formation and hepatic injury was investigated. Unsurprisingly, the
mice fed HFD had significantly less hepatic NHI compared to mice which were fed HFD+iron.
The liver iron concentration was further validated by Perls’ stain. The blue colour which
represented iron deposition was clearly visible in livers of mice supplemented with iron and
was not detectable in mice fed only high fat diet, visually confirming the colorimetric hepatic
iron measurements. It is interesting to note here that despite the differences in hepatic iron
concentration, there was no significant difference observed between the body or liver weights
of mice fed HFD or HFD + iron. The increase in body and liver weight reported elsewhere
[294] is likely due to age and longer feeding pattern as these mice were fed HFD for 80 weeks

which is very long compared to the 8 weeks in the present study.

The mRNA expression of hepcidin (Hamp1) increased with increasing hepatic NHI. It can be
argued that the presence of high fat exerts some sort of control over hepcidin expression as the
regression analysis showed that correlation between Hampl and iron appears to be tighter in
the presence of high fat than in its absence as discussed in chapter 5. It is important to note that
hepatic iron levels are an important regulator of hepcidin, the HFD + iron mice had higher liver
Hamp1 expression than HFD alone and can be linked to the higher liver iron observed in the

former.

In the present study, expression of iron related genes was measured in spleen. The expression
of Hamp1 in the spleen was not significantly different between the two groups. Similarly, the
other genes, Dmtl, Tfrl and Fpn did not show any significant difference between mice fed
HFD or HFD+iron. In a study conducted on mice, iron loading led to increased Fpn gene
expression but reduced Fpn protein expression [275] and increased Tfrl expression. The
authors argued that such an observation may be due to the presence of an undefined mechanism
of Tfrl mRNA production which may overcome the IRP/IRE based regulation. One of the
reasons for not observing any significant gene expression change may be due to the
concentration of iron in the spleen which may be lower than other studies which used 3%
carbonyl iron [275, 295] compared to 1% in the present study and shorter feeding duration.

Tfr1 is also expressed in low levels in the spleen [295].

The duodenal expression of both Dm¢1 and Tfr1 was high in HFD + iron loaded mice compared
to HFD fed mice. This is surprising because high iron normally leads to decreased 7fr/

expression. Thus, investigating the duodenal expression of iron genes gives an indication that

117



iron absorption may be partly regulated by high fat because hepatic iron concentration is lower
in mice fed HFD (1.8 £ 0.1 umol / giiver), without added iron, compared to the control (2.3 +
0.2 pmol / giiver ; P<0.05) from chapter 5, (discussed further in Chapter 7), and hepcidin,
produced mainly in the liver, regulates intestinal iron absorption [296]. As there is no controlled
excretion mechanism for iron, its level in the body is regulated by absorption through the
duodenum. The first step in this process is iron uptake from the lumen followed by binding of
iron to cytosolic components. Iron can also be taken up from the circulation by duodenal cells
[296] by processes involving Dmtl and Tfrl. Dmtl is present at the basolateral surface, as
shown in a study in rats in which iron supplementation by gavaging led to the relocation of
Dmtl to the basal domain [296]. Both Dmtl and Tfrl expression was upregulated in the
HFD-+iron group. Although the polarity of Dmtl expression was not measured in the present
study, if it did relocate to the basolateral membrane upon iron supplementation, it suggests that
circulating iron was possibly being redirected to the duodenum to be exported. It is therefore
possible that there may exist an unrecognised form of controlled excretion for iron which may
manifest under high fat/ cholesterol conditions. Duodenal iron content was not measured in
this study; however, further studies measuring duodenal iron and absorption kinetics would be
useful to determine the extent to which these parameters contribute to changes in iron loading

in the presence of a diet rich in fat.

Previous work in our laboratory has shown a relationship between iron loading and cholesterol
biosynthesis [46]. When the gene expression of mitochondrial and peroxisomal fatty acid
metabolism was studied, no correlation was found in the mitochondrial genes investigated, but
two out of three peroxisomal genes showed a strong positive correlation with hepatic NHI
content. This points to the possibility of an interaction between iron and long-chain fatty acid
metabolism. A high fat diet has previously been shown to alter PPARs and increase expression
of iron transport genes [297]. A strong correlation has been shown between hepcidin expression
and serum cholesterol, triglycerides, and LDL levels in patients with iron-associated NAFLD
[267]. In mice fed an iron-loaded HFD, increases in the hepatic gene expression of fatty acid
transporter, Slc27a2 and the thiolase Acaala were observed. This suggests an increased
metabolism of very long chain FAs; however, the lack of increase in mitochondrial FA-
associated genes suggests that FA metabolism reaches a bottle-neck once the FAs are passed
to the mitochondria for final oxidation, further strengthening the hypothesis that iron overload
leads to fat build up. Increased expression of Slc27a2 has been linked to the progression of

NAFLD. It is the most expressed fatty acid transporter in liver cells and contributes profoundly
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to long chain fatty acid uptake [298]. It is possible that no correlation was seen between
mitochondrial gene expression and hepatic iron content because the amount of iron present was
not able to induce measurable changes. This contrasts with the results discussed in the previous
chapter in which iron loading on its own (in the absence of HFD) was able to induce changes
in mitochondrial FA oxidation genes. It is possible that high fat limits the amount of iron that
can be targeted to the mitochondria, thus limiting the effect on mitochondrial gene expression.
Taken together, these results suggest that iron and fat modulate mitochondrial and peroxisomal
lipid metabolism in different ways, resulting in accumulation of fat and contributing to NAFLD

progression.

The observation of cholesterol crystals in the livers of HFD fed mice is a novel and important
finding. Crystals have been reported to be associated with progression to NASH in the latter
stages of NAFLD [137] but not in simple steatosis. The observation of crystals in the present
study indicates that their presence begins in the initial stages of steatosis and is not just
associated with NASH. This implies that cholesterol crystal formation starts as early as simple
steatosis and may cause damage by rupturing plasma membrane and leading to necrosis and
also initiate inflammation by activating NLRP3 inflammasome pathway [299, 300].
Additionally, in the present study, hepatic crystals developed in the presence of a lower
concentration of dietary cholesterol (8 weeks of a diet containing 0.15% cholesterol) compared

to other studies in which mice were fed a higher concentration (6 months of diet containing

0.25 - 1% cholesterol) [290].

Importantly, the HFD + iron group had a significant reduction in the number of cholesterol
crystals compared to the HFD group. There does not appear to be any previous reports of this
observation. The observation is surprising given that iron overload, in the absence of high fat,
has been shown to increase cholesterol biosynthesis. Additionally, iron overload has been
found to reduce bile acid synthesis and export in rat liver [301]. On the other hand previous
data from our laboratory has shown that cholesterol export genes are upregulated on iron
loading [46]. Hence, it may be possible that even though iron increases cholesterol
biosynthesis, it may be transported out of the liver, resulting in formation of fewer crystals. It
becomes clear from these observations that iron may play an important role in cholesterol
crystal metabolism and may depend on the dietary iron concentration used to feed the mice.
Against the background of a HFD, there is a negative relationship between hepatic iron
concentration and cholesterol crystal formation in the liver which can be seen clearly by

plotting hepatic NHI against cholesterol crystals. It is possible that the increased cholesterol,
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present as a result of iron loading, is exported into the circulation as reported in a study
conducted in rats [301]. In addition, overexpression of Cyp7al in a mouse model of liver injury,
decreased hepatic free cholesterol content [302]. Iron has been found to be a regulator of

mRNA and protein expression of Cyp7al [303].

In order to investigate whether cholesterol crystals were linked with hepatic injury and NAFLD
progression, preliminary immunohistochemistry staining was carried out on samples
containing the highest number of cholesterol crystals within each group. However, CD45, a
marker of inflammation, was higher in the HFD + iron group. Similarly, PanCK, the marker
for liver progenitor cells, which play a major role in driving fibrosis [304], was also higher in
the in the HFD + iron group. This was a preliminary study and will form the basis of future
work with higher sample size; however, the results suggest a role for iron in causing hepatic
injury as seen by comparative increase in the expression of PanCK and CD45 markers in the

presence of iron.

In conclusion, both HFD and HFD+iron influenced iron gene expression in the liver and
duodenum. In the duodenum, the gene expression results point to a possible mechanism of
controlled iron excretion from the duodenum. Genes associated with peroxisomal fatty acid
metabolism were upregulated in the presence of HFD+iron, which also suggested the
beginnings of hepatic injury. One of the most exciting discoveries, and one that warrants further
investigation, was that of reduction of cholesterol crystals in the presence of iron. These
crystals are very toxic to cell membranes and have previously been associated with NASH.
However, interestingly, the number of crystals observed in the liver indicates that these crystals
are not just associated with NASH but can be present even during simple steatosis. Given all
these findings, it becomes very clear that iron overload and high fat play an important role in

NAFLD development and progression both at the molecular and physiological levels.
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Chapter 7 General Discussion

7.1 Background

The present study was undertaken to investigate the role of iron and lipid metabolism in
NAFLD. The liver is an important organ as it is the major storage site for iron and it has a
central role in lipid metabolism. The interaction between iron and lipids, and the role of iron
overload in the initial development of steatosis is not very clear. Many studies have linked iron
overload with the progression from NAFLD to NASH and the more severe forms of NAFLD
[305, 306]. This study was designed with the hypothesis that iron overload may lead to lipid
accumulation in the liver as well as influence fatty acid metabolism in hepatic mitochondria
given that fat deposition and mitochondrial dysfunction have been linked to NAFLD
pathogenesis and progression [10, 173]. Both in vitro and mouse models of dietary iron and fat
loading were studied to examine the changes in hepatic, duodenal and spleen associated gene
expression, along with changes in liver histology associated with iron and fatty acid loading to
understand the differential regulation of gene expression under conditions of iron and fat
overload. In vitro analysis of mitochondrial respiration revealed how mitochondria respond to
excess iron and fatty acid changes. The present work also sheds light on the role of a HFD and
its role in reduction of hepatic iron concentration. An exciting observation linked the
modulation of hepatic cholesterol crystals to the condition of iron overload. These findings hint
at an interaction between iron and fat which leads to steatosis as well as to progression to NASH
and end stage liver disease.

7.2 Effect of iron and lipid loading on mitochondrial respiration

The results from the in vitro study reported in chapter 3 suggest a role of iron in modulating
mitochondrial bioenergetics. Loading cells with iron led to a small but significant decrease in
cell viability but it was not as large as for PA. So, it can be speculated that the corresponding
changes observed in various parameters associated with mitochondrial bioenergetics were not
a result of reduced cell viability at least in the iron loaded groups. Iron is often said to cause
oxidative stress, and research from our laboratory has shown that iron loading AML12 cells
led to an increase in lipid deposition [205] consistent with the current hypothesis that iron
loading may lead to the initial fat accumulation seen in NAFLD. Cells treated with iron and
OA-+iron exhibited an increase in ATP production. This is in line with similar observations
made in other studies [225, 231]. It should be noted that both iron and FA were loaded for 12h
and a longer incubation may lead to iron-induced oxidative stress and may contribute to

mitochondrial dysfunction by impairing ETC complexes II/III [245]. Iron overload can also
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lead to lipid peroxidation, damaging mitochondrial membrane integrity, also leading to
uncoupling of electron transport and energy production [307] but in the present study iron
loading did not lead to a decrease in mitochondrial bioenergetics and another study has shown
that iron supplementation in mice fed HFD led to an increased hepatic ATP compared to mice
which were only fed HFD [308]. Iron supplementation was associated with reduced
morphological abnormalities in the mitochondria when compared to mice which were not
supplemented with iron. The morphological abnormalities included swollen mitochondria and
disturbed organisation of sarcomeres [308]. The authors argued that iron supplementation led
to increased synthesis of iron prosthetic groups which can improve mitochondrial function. A
similar increase in ATP production was observed in cells loaded with iron and/or OA indicating

improved mitochondrial function.

Saturated fatty acids are considered to be a major contributor in fatty liver disease [309, 310],
but in this study palmitate had few effects on mitochondrial function. This is possibly related
to the conditions used. Liu ef a/ showed that 48 h treatment with 25 pM palmitate improved
mitochondrial oxygen consumption in AML12 cells, whereas a subsequent challenge with 500
UM palmitate led to mitochondrial damage [311]. Liu et a/ has shown that a low concentration
(25 uM) of palmitate helps to enhance mitochondrial metabolism by regulating SIRT3, a
mitochondrial deacetylase. Low palmitate contributes to SIRT3 phosphorylation which, in
turn, causes CPT2 dimerisation and therefore enhances fatty acid import and oxidation [311].
While I used a much higher dose (100 uM), it was also for a shorter duration (12 h vs 48 h).
On the other hand, OA, which is an unsaturated fatty acid, in combination with iron was
associated with increased OCR in the majority of parameters associated with mitochondrial
bioenergetics in the present study. Such a change was not observed in cells treated with OA
alone. In summary, mitochondrial respiration is differentially regulated by saturated and
unsaturated fatty acids, and short-term iron loading is associated with improved mitochondrial
function but may change depending upon the incubation time as long-term iron loading can

alter mitochondrial bioenergetics and lead to NAFLD pathogenesis.

7.3. Effect of varying dietary iron concentration on hepatic gene expression

Dietary iron overload has been used in animal models to study the effect of iron overload on
hepatic iron metabolism genes [46, 280]. Published investigations have largely focussed on the
role of iron overload in the progression if NAFLD, linking it to NASH and fibrosis [213, 305,

312]. Most of these studies have used 2% carbonyl iron to induce iron overload in animal
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models [46, 235]. Previous data from our laboratory also suggests that iron overload in NAFLD

may be linked to lipid accumulation and cholesterol biosynthesis [46].

Dietary iron overload in mice has been associated with a decrease in body weight [238] but in
this study there was no significant decrease in body weight upon iron loading the mice for 3
weeks. This observation is interesting as reduced body weight is often linked to reduced dietary
intake by mice [238], but observations made in the present study suggest that reduced intake
may not be due to the presence of iron in the diet but due to the way it is formulated. In the
present study, the diet was presented in dough form, which is softer than the pellet form in
which diets are often presented. Mice would be expected to consume less of the harder pellet
diet, leading to a lower absorption of iron. This factor should be taken into consideration
whenever interpreting results based on dietary intake as feeding a higher concentration in pellet
form may lead to less iron accumulation in the liver compared to a diet of equal concentration

fed in more palatable form.

In the study by Rishi et al [238], 0.25% carbonyl iron was found to be sufficient to induce
hepcidin response and any further increase in iron concentration did not lead to increased
Hamp1 expression [238]. However, in the present study, it was found that 1% carbonyl iron
was associated with stronger correlation with Hampl expression compared to other lower
concentrations (Appendix A). This formed the basis for the iron concentrations used for the

further studies in chapter 5 and 6.

Hamp expression has been linked to body iron content [313] in NASH patients. It is interesting
to note that hepcidin levels did not correlate with degree of steatohepatitis in the patients. Iron
appears to play an important role in the initial stage of fat accumulation (steatosis) but it is
possible that its effect on further NAFLD progression may diminish as fat builds up in the liver.
This claim can partially be attributed to the results discussed in the next section where high fat
diet has been shown to decrease hepatic iron concentration. This strengthens our hypothesis
that initial iron loading is an important trigger in initial fat accumulation and increased Hamp 1

expression is indicative of hepatic iron loading.

Apart from playing a role in initial fat accumulation, iron loading is also associated with
mitochondrial dysfunction in NAFLD [243]. A role for iron is likely as results from the current
study indicate a gradual increase in mitochondrial NHI content with increasing dietary iron
concentration and correlating strongly with hepatic NHI. Even though there were no changes

evident in expression of genes associated with mitochondrial fatty acid oxidation, increased
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mitochondrial iron may be a good reason why mitochondrial dysfunction is found to be linked
to NAFLD. The fatty acid oxidation genes measured are expressed in the nucleus and the
proteins exported to the mitochondria. Therefore, mitochondrial iron loading may affect

enzyme activity rather than gene expression.

It is important to note that in the present study a high carbohydrate content was present in the
diet which was used as a control for the HFD. Due the presence of high carbohydrate, the livers
of the mice fed the control diet exhibited many fat vacuoles which resembled steatosis. This
diet was the correct nutritional control for the HFD but not for fatty liver. High carbohydrate
diets have been previously used to induce fatty liver in mice [289]. The effect of high
carbohydrate on iron gene regulation has not been well explored, but high carbohydrate is well
known to decrease the expression of fatty acid oxidation and cholesterol metabolism genes

[289].
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Figure 7.1 Hepatic non-haem iron concentration. (A) Hepatic NHI was measured in mice
fed control (n=10), iron (n=10), high fat diet (n = 10) and high fat + iron diet (n = 10). NHI
was measured as described in section 2.3.8. All data presented are mean = SEM. This figure is

a comparison of data shown in Figures 5.1 and 6.1A.
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7.4. Hepatic changes associated with dietary iron overload and high fat diet

Iron overload has been linked to NAFLD because approximately 30% of patients diagnosed
with NAFLD and NASH present with increased iron stores [10]. Most commonly, iron
overload has been linked to oxidative stress in NAFLD [254]. There were four different types
of diet used in the present study and results have shown that both iron and HF diet can
contribute to NAFLD. The iron diet was associated with reduced expression of mitochondrial
fatty acid genes which may lead to fat accumulation in the liver leading to steatosis. The control
diet used in this project was a nutritional control for the HFD. The control diet was rich in
carbohydrate and that led to fatty deposition in the liver of control mice. While investigating
the role of carbohydrate and iron in NAFLD is likely to provide important information about
the interaction of the two nutrients, to do so was beyond the scope of this project, but it is
something which will be included in future studies. The role of iron loading on its own and in
combination with high fat was also evaluated and indicated a selective effect on fatty acid
oxidation genes in the mitochondria and the peroxisomes. HF on its own led to an increase in
peroxisomal fatty acid oxidation genes along with cholesterol crystal formation in the liver

whereas iron diet was associated with decreased mitochondrial fatty acid oxidation.

An important observation made in the present study was the decrease of hepatic NHI in the
presence of HFD (Figure 7.1). It is important to note here that the concentration of dietary iron
was same in mice fed iron and HFD+iron diet. It is surprising that HFD on its own was able to
decrease hepatic NHI when compared to control (Figure 7.1). This observation is interesting
because patients suffering from NAFLD have more fat than normal in the liver and one-third
of patients present with iron overload [314]. There may be several reasons which contribute to
the reduction of hepatic iron in the presence of high fat, including a decrease in iron absorption,
iron being absorbed normally but redirected to other organs, or involvement of genetic
regulation which may influence hepatic iron concentration. The mice used in the present study
were not obese and did not show any significant weight differences and were used to investigate
the development of simple steatosis by using the four dietary interventions. The iron loaded
diet increased the expression of Hampl in the presence of HF indicating a very strong
correlation with hepatic NHI and was very close to the significance threshold in mice fed iron
in the presence of control diet. This observation is in line with a previous report despite using
a lower concentration of carbonyl iron [46]. It is now proposed that iron loading exerts a
negative effect on mitochondrial function [243]. There is evidence that Dmtl plays a role in

iron transport to the mitochondria [185], which is supported by the results of the present study
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where the mitochondrial NHI increased with increasing hepatic iron concentration and
strengthens the hypothesis that excess iron is at least in part targeted to the mitochondria. Iron
diet led to a decrease in the expression of Acadm and Hadha. Acadm is involved in medium
chain fatty acid oxidation and Hadha encodes the alpha subunit of the mitochondrial
trifunctional protein (MTP) which is involved in fatty acid oxidation in the mitochondria [315].
The downregulation of both these genes by iron suggests that fatty acid breakdown decreases
with increased iron, leading to accumulation of fat in the liver and to steatosis. It has been
shown that young mice which had a defect in MTP developed steatosis when fed HFD as a
result of reduced fatty acid oxidation compared to wild type control [315]. All these results
indicate that iron plays an important role in NAFLD through initial fat accumulation leading
to steatosis. Mice in the present study were fed HFD for 8 weeks but that did not lead to any
changes in the mitochondrial fatty acid oxidation genes investigated; neither were any changes
observed when iron and HFD were fed together but instead peroxisomal fatty acid oxidation
genes Accala and Slc27a2 were upregulated in mice fed HFD+iron compared to HFD alone.
HFD has been shown to increase the expression of Accala [316], consistent with steatosis, and
increased expression of Slc27a2 has been linked to NAFLD progression as it enhances long
chain fatty acid transport [298]. One factor which is common in all the significant gene
expression changes in both mitochondria and peroxisomes is the presence of iron, and it can
be speculated that iron functions by decreasing fatty acid oxidation in mitochondria and
increasing fatty acid transport in the peroxisomes. Based on the gene expression results, it can
be argued that iron loading can independently play a role in mitochondrial fatty acid oxidation
leading to fat deposition in the liver and promote steatosis whereby peroxisomal fatty acid

oxidation is affected by both the HF and iron diets.

The presence of iron in HFD has been shown to exacerbate hepatic steatosis and has been
linked to proinflammatory mediators and cytokines [317]. Iron has also been linked to the
production of tumour necrosis factor-a (TNF-a) which is an important pro-inflammatory
cytokine. It was found to be elevated in NAFLD patients with much higher levels detected in
NAFLD patients with iron overload [ 140]. The present project did not investigate the signalling
pathways associated with inflammation; however, preliminary immunohistochemistry analysis
revealed the presence of inflammatory cells in mouse liver stained for CD45. The inflammatory
cells were detected in both mice fed the nutritional control diet and iron loaded mice but were
slightly higher in the iron loaded group. No quantitative analysis was performed; however,

future work will investigate more samples to test this hypothesis. If found to be reproducible,
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this would mean that iron in the diet is able to trigger inflammatory response in the very early
stages of NAFLD and could be an important trigger which can lead to hepatic insult ultimately

leading to liver dysfunction.

All the four dietary groups exhibited the presence of lipids, clearly visible as fat vacuoles in
H&E staining. Another important histological observation was the presence of a small number
of inflammatory cells in the iron loaded groups which are not commonly detected in HFD fed
mice. This suggests that chronic iron loading may lead to inflammation which is also evidenced
by the increase in inflammatory cytokines as discussed in the previous paragraph. The other
important observation was the decrease of hepatic iron by HFD compared to control. In order
to investigate whether the decrease in liver iron was due to decreased absorption from the gut
or whether it was being targeted to other organs after being absorbed, iron genes were measured
in duodenum and spleen. Hamp1, Tfrl, Dmtl and Fpn expression did not change in high fat +
iron loaded mice compared to the high fat only group in the spleen. One possibility may be that
spleen iron did not change and thus gene expression did not change. It was interesting to note
that Tfr! and Dmtl expression was higher in the duodenum of mice fed high fat + iron
compared to high fat only even though the former had more hepatic iron which suggests
increased absorption of iron from the duodenum. Duodenal iron was not measured in this
instance therefore further investigation is required before a definitive cause can be elucidated.
However, the observed increase in 7fr/ may indicate that iron is being taken up by the
enterocytes from the circulation (see Figure 6.8 C), explaining the decrease in hepatic NHI.
This means both absorption and reuptake of iron is balanced in the presence of HF. It is possible

that this mechanism only manifests in the presence of high fat / cholesterol.

In conclusion, high fat led to a reduction in hepatic iron as evidenced by a decrease in NHI
content, and iron and high fat selectively regulated gene expression changes associated with
mitochondrial and peroxisomal fatty acid oxidation. Iron appeared to be the central player as it
led to decreased expression of mitochondrial fatty acid oxidation genes hinting at increased fat
deposition in the liver, and upregulation of peroxisomal fatty acid genes, where the increased
fat accumulation can be linked to the increased expression of the fatty acid transporter
(Slc27a2) and Acaala which is not consistent with the increased fat accumulation. The
apparent contradiction here may be due to the adaptive nature of the liver to balance the insult
caused by fatty acid deposition. The presence of iron also indicated an increase in inflammatory
cells as seen in the histological examinations, but a larger sample size is needed to validate the

results further.
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7.5. Effect of Iron Overload on Hepatic Cholesterol Crystal

The liver plays a central role in iron and lipid metabolism [14] along with its role in production
and processing of circulating lipoproteins [132]. Excess cholesterol can be excreted directly
into the bile, the main pathway for its removal [132]. However, in NAFLD, liver cholesterol
homeostasis is dysregulated resulting in cholesterol accumulation [132]. Iron overload has been
shown to increase cholesterol biosynthesis in mice by upregulating cholesterol biosynthesis
genes [46]. Dysregulated cholesterol homeostasis may lead to unesterified cholesterol
supersaturation in cells which may lead to its precipitation in the form of crystals [292]. The
present study has led to a novel finding whereby iron overload in the presence of high fat led
to a significant decrease in the number of cholesterol crystals when compared to high fat diet
without any added iron. To the best of my knowledge this is the first report linking iron

overload to decreased cholesterol crystal formation in a mouse model of NAFLD.

An important point worth noting in the context of cholesterol crystal formation is the dual role
played by iron. On one hand, iron loading led to increased hepatic cholesterol, and, on the other
hand, it reduced cholesterol crystal formation in the liver. The basal diet used in the study by
Graham et al [46] did not have any added fat or cholesterol whereas, in the present study, the
diet was a Western style diet containing high fat along with added cholesterol. It is possible
that iron on its own may lead to increased cholesterol biosynthesis but, in the presence of high
fat, the regulation of cholesterol biosynthesis by iron may be overwhelmed due to regulation
by dietary cholesterol. Higher iron status has also been found to decrease the risk of gallbladder
cholesterolosis [318] and it is possible that iron overload may have a protective role by reducing
the accumulation of cholesteryl esters. Alternatively, there is a possibility that iron overload
may lead to cholesterol being transported out of the liver [46], thus decreasing the amount of

free cholesterol which, in turn, may lead to reduced crystal formation.

The present observation related to cholesterol crystal formation also sheds light on the role of
these crystals in progression of NAFLD. So far, cholesterol crystals have been linked with
NASH [137, 290] but not to initial fat deposition (steatosis). However, the current study
presents strong evidence to show that cholesterol crystal formation starts early in steatosis,
prior to the liver showing any clinical features of NASH. The study [290] which reported
cholesterol crystal formation in murine NASH used older mice (four-month-old), fed HFD with
a much higher cholesterol content (up to 1%) for 6 months compared to 3-week-old mice fed
a HFD containing 0.15% cholesterol for 8 weeks in the present study. The number of crystals

detected in the present study were much higher than seen in the study with higher dietary
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cholesterol. This observation is clinically relevant as cholesterol crystals have been shown to
activate NOD-, LRP- and pyrin- domain containing protein 3 (NLRP3) inflammasomes in
Kupffer cells which subsequently lead to release of pro-inflammatory cytokines [290].
Cholesterol crystals are also believed to disrupt the function of lipid droplets by reducing their
fluidity [132] and, in some cases, by disrupting the physical integrity of the surrounding
membrane [319]. The present work appears to be the first report of cholesterol crystal formation
and its decrease by iron in early hepatic steatosis. Future studies are needed to study the role
of iron in the decrease in hepatic cholesterol crystals. The role of iron in the presence of HFD
without added cholesterol should be investigated to determine if iron leads to cholesterol
transport out of the liver or plays another role in the process of cholesterol crystal formation.
Measurement of extrahepatic cholesterol will also help answer some of the questions raised
here, as it will be able to confirm or rule out the transport of cholesterol to extra-hepatic tissues.
If confirmed, it will be good evidence that decreased crystal formation is linked to decreased
cholesterol in the liver. In summary, the cytotoxic effects of excess free cholesterol cannot be
overlooked. It has been shown that cholesterol-lowering drugs can reverse hepatic cholesterol
crystallization and experimental fibrosis [320]. Therefore, future interventional studies looking
at a more diverse sub-group of patients as well as animal models are required to ascertain the
role played by either free cholesterol or cholesterol crystals in the pathogenies of NAFLD.

In conclusion, the present study has shown that excess dietary iron is targeted towards the
mitochondria, which may lead to mitochondrial dysfunction by affecting the electron transport
chain/complexes as well as oxidative phosphorylation. There appears to be an interaction
between fat and iron which leads to selective effects on mitochondrial and peroxisomal fatty
acid oxidation, indicating iron overload can contribute to the initial fat accumulation in the
liver. The presence of high fat also exhibited a much stronger control on hepcidin expression
compared to the control diet without any high fat content. One of the most important findings
of the study was the decrease of cholesterol crystals in the presence of high fat by iron,
suggesting that cholesterol crystals are present in the early stages of steatosis and not only
during NASH. Cholesterol crystals therefore appear not to be a marker of NASH but may be a
predictor of NAFLD progression.
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7.6. Conclusion

The study discussed in this thesis investigated the relationship between iron and lipid
metabolism in NAFLD using in vitro and animal studies. The results from the in vitro study
indicate that saturated and unsaturated fatty acids exert differential effect on mitochondrial
respiration where PA is more cytotoxic than OA. Both the fatty acids stimulate mitochondrial
bioenergetics but with varying profiles. In the present study, iron has been shown to enhance
the effects of OA which has been shown to be protective against cell lipotoxicity. Furthermore,
the results also indicate that treatments with iron, OA and PA increased mitochondrial function.
The results from the mouse study indicate that high fat led to a decrease in hepatic iron as
evidenced by a decrease in NHI content, and iron and high fat selectively regulated gene
expression changes associated with mitochondrial and peroxisomal fatty acid oxidation. Iron
overload was associated with decreased mitochondrial beta oxidation which can lead to the
accumulation of fatty acid in the liver and is consistent with the hypothesis that iron plays an
important role in the development of steatosis which is the very first stage of NAFLD. In the
presence of iron in HFD there was an upregulation of peroxisomal fatty acid genes which is
not consistent with increased fat accumulation and may be a suitable response by the liver to

counter the insult due to fatty acid deposition.

An especially important finding from the study was the reduction of hepatic cholesterol crystals
in the presence of iron. Cholesterol crystals have been implicated in the progression of steatosis
to NASH but in the present study these crystals were visible as early as steatosis. Therefore,
these can be considered as a marker of NAFLD progression. Overall, iron has been shown to
play an important role in the initial stage of NAFLD and appears to be protective against hepatic

cholesterol crystal formation.

7.7. Limitations

The present study has given important insights into the role of iron and lipids in the
development and progression of NAFLD. Nevertheless, there are some limitations associated
with the study. The study made use of liver tissue, but lipids were not quantified in the blood
or plasma which can give an insight into the transport of cholesterol and other lipids out of the
liver and may help explain the decrease in cholesterol crystals in the presence of iron. In order
to study the effect of iron and lipid loading on mitochondrial bioenergetics a longer incubation

of more than 12 h may provide more detail on mitochondrial health. The animal study made
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use of HFD with added cholesterol but using a diet with no added cholesterol may help in
explaining the role of cholesterol crystal formation and its subsequent decrease in the presence
of iron. Also, extending the preliminary findings on markers of hepatic injury and inflammation

would help ascertain the role of iron and fatty acids in inflammation.

7.8. Future Directions

The present study has given an interesting insight into understanding the relationship between
iron and lipid metabolism and their roles in NAFLD. The reduction in cholesterol crystal
formation due to the presence of iron in association with high fat was a novel finding, and
future studies are warranted in order to investigate the mechanism by which iron regulates
crystal formation. For example, a study in mice using different compositions of high fat and
cholesterol and then investigating the cholesterol crystal formation in the presence or absence
of iron would provide information on the role played by high fat and cholesterol on crystal
formation. It will become clear if the added cholesterol is driving the crystal formation and if
there is a relationship between the concentration of cholesterol in the diet and crystal formation.
Measuring extrahepatic cholesterol, including plasma cholesterol, as well as the activity of
hepatic cholesterol transporters will demonstrate whether iron plays a role in transporting
cholesterol out of the liver. The use of iron chelators in these dietary models would also help
explain if the iron in the diet is responsible for the decrease in cholesterol crystals and overall
cholesterol biosynthesis. It would be informative to investigate the types of cholesterol crystals
in the liver as it is documented that different shapes of crystals may form as a result of different
lipid types [292] and this may give an insight into the role of different lipid types in NAFLD
pathogenesis. The measurement of cholesterol biosynthesis and transport genes would also
shed light on the role of iron in cholesterol biosynthesis and metabolism in the presence of high

fat in NAFLD.

The present study investigated gene expression but not protein expression or activity.
Investigating protein expression would demonstrate whether iron is involved in post-
transcriptional regulation of the key genes and investigating activity would provide information
about iron’s role in post-translational regulation. In the present study, only a limited number of
samples were used to perform immunohistochemistry analysis of the liver samples. Given that
the results were suggestive of inflammatory changes, performing further analysis on a larger

sample size will allow for statistically robust conclusions to be derived. If cholesterol crystals
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were present in the same samples, this would also help us understand the mechanism of any

toxicity related to cholesterol crystal formation.

In the in vitro studies, the role of iron and lipid loading was investigated to understand
mitochondrial bioenergetics and how iron modulates lipid deposition. The 12 h time period did
not prove to be sufficient to induce lipid loading in cells as another project in the laboratory
has shown that there is an increase in the lipid content of the cell after 12 h of iron loading.
Therefore, future experiments will involve extending the incubation times of both iron and lipid
loading to help capture changes associated with mitochondrial bioenergetics in order to better

explain how iron and lipid loading lead to changes in mitochondrial function in NAFLD.
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Appendix B

Control diet

Calculated Nutritional Parameters
Protein 20.0%
Total Fat 8.6%
Total Digestible Carbohydrate 55.5%
Crude Fibre 4.7%
AD Fibre 4.7%
Digestible Energy 16.6 MJ / Kg
% Total calculated digestible 19.0%
energy from lipids

% Total calculated digestible 20.2%
energy from protein

High fat diet
Calculated Nutritional Parameters
Protein 19.0%
Total Fat 21.0%
Crude Fibre 4.7%
AD Fibre 4.7%
Digestible Energy 19.4 MJ / Kg
% Total calculated digestible 40.0%
energy from lipids
% Total calculated digestible 17.0%
energy from protein

151



ccc Marketplace

This is a License Agreement between Abhishek Kumar Singh ("User") and Copyright Clearance Center, Inc. ("CCC")
on behalf of the Rightsholder identified in the order details below. The license consists of the order details, the
Marketplace Permissions General Terms and Conditions below, and any Rightsholder Terms and Conditions which

are included below.

6/10/2023, 2:27 pm

All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and

Conditions below.

Order Date
Order License ID
ISSN

LICENSED CONTENT

Publication Title
Author/Editor

Date

Language

REQUEST DETAILS

Portion Type

Number of Images /
Photos / lllustrations

Format (select all that
apply)

Who Will Republish the
Content?

Duration of Use
Lifetime Unit Quantity
Rights Requested

NEW WORK DETAILS

Title

Instructor Name

14-Mar-2023
1333375-1
1545-1585

Annual review of
physiology

American Physiological
Society (1887-)

01/01/1939
English

Image/photo/illustration
1

Electronic

Academic institution

Life of current edition
Up to 44,999

Main product and any
product related to main
product

Dr

Ross Graham

ADDITIONAL DETAILS

Order Reference Number

https://marketplace.copyright.com/rs-ui-web/mp/license/0Oaba2c7...ce-4b92-acf1-6c55cb383e19/e153597e-b48e-43de-8345-b19c2b4cc03d

N/A

Type of Use

Publisher
Portion

Country
Rightsholder
Publication Type
URL

Distribution

Translation

Copies for the Disabled?
Minor Editing Privileges?

Incidental Promotional
Use?

Currency

Institution Name

Expected Presentation
Date

The Requesting
Person/Organization to
Appear on the License

Republish in a
thesis/dissertation
ANNUAL REVIEWS
Image/photol/illustration

United States of America
Annual Reviews, Inc.
e-Journal

http://arjournals.annualre
views.org/loi/physiol

Worldwide

Original language of
publication

No
No
No

AUD

Curtin University
2023-03-31

Abhishek Kumar Singh

Page 1 of 7

152



ccc Marketplace

This is a License Agreement between Abhishek Kumar Singh ("User") and Copyright Clearance Center, Inc. ("CCC")
on behalf of the Rightsholder identified in the order details below. The license consists of the order details, the
Marketplace Permissions General Terms and Conditions below, and any Rightsholder Terms and Conditions which

are included below.

6/10/2023, 2:27 pm

All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and

Conditions below.

Order Date
Order License ID
ISSN

LICENSED CONTENT

Publication Title
Author/Editor

Date

Language

REQUEST DETAILS

Portion Type

Number of Images /
Photos / lllustrations

Format (select all that
apply)

Who Will Republish the
Content?

Duration of Use
Lifetime Unit Quantity
Rights Requested

NEW WORK DETAILS

Title

Instructor Name

14-Mar-2023
1333375-1
1545-1585

Annual review of
physiology

American Physiological
Society (1887-)

01/01/1939
English

Image/photo/illustration
1

Electronic

Academic institution

Life of current edition
Up to 44,999

Main product and any
product related to main
product

Dr

Ross Graham

ADDITIONAL DETAILS

Order Reference Number

https://marketplace.copyright.com/rs-ui-web/mp/license/0Oaba2c7...ce-4b92-acf1-6c55cb383e19/e153597e-b48e-43de-8345-b19c2b4cc03d

N/A

Type of Use

Publisher
Portion

Country
Rightsholder
Publication Type
URL

Distribution

Translation

Copies for the Disabled?
Minor Editing Privileges?

Incidental Promotional
Use?

Currency

Institution Name

Expected Presentation
Date

The Requesting
Person/Organization to
Appear on the License

Republish in a
thesis/dissertation
ANNUAL REVIEWS
Image/photol/illustration

United States of America
Annual Reviews, Inc.
e-Journal

http://arjournals.annualre
views.org/loi/physiol

Worldwide

Original language of
publication

No
No
No

AUD

Curtin University
2023-03-31

Abhishek Kumar Singh

Page 1 of 7

153



	Abhishek_Singh_Thesis
	Declaration
	Acknowledgements
	Abbreviations
	Table of Contents
	List of Figures
	List of Tables
	Abstract
	Chapter 1 Literature Review
	1.0. General introduction
	1.1 Non-Alcoholic Fatty Liver Disease
	1.2. NAFLD Pathogenesis
	1.3. Iron and NAFLD
	1.3.1. Iron Biology
	1.3.2 Hepatic Iron Metabolism

	1.4. Genes Involved in Liver Iron Homeostasis
	1.5. Iron Overload and NAFLD
	1.6. Hepatic Lipid Metabolism
	1.6.1 Hepatic Cholesterol and NAFLD

	1.7. Iron Overload and Hepatic Lipid Metabolism
	1.8. Mitochondria and NAFLD
	1.9. Hepatic Fatty Acid Oxidation
	1.10. Mitochondrial Dysfunction and NAFLD
	1.11. Iron and Mitochondria
	1.12. Iron Transport to the Mitochondria
	1.13. Fatty Acids and Mitochondria
	1.15. Objectives of this Thesis

	Chapter 2 Materials and Methods
	2.1. Cell Culture Methods
	2.1.1. Cell Culture
	2.1.2. Cell Viability Assay
	2.1.3. Iron Loading
	2.1.4. Free Fatty Acid Loading
	2.1.5. Oil Red-O Staining
	2.2. Mitochondrial Bioenergetics
	2.2.1. Assay Media Preparation
	2.2.2. Mitochondrial Stress Reagents
	2.2.3. Mitochondrial Bioenergetics Assay Day Preparations

	2.3. Animal Studies
	2.3.1. Animal Maintenance
	2.3.2. Diet Preparation
	2.3.3. Sample Collection

	2.3.4 RNA Extraction
	2.3.5. RNA Quantification
	2.3.6. cDNA Synthesis
	2.3.7. Real Time- Quantitative Polymerase Chain Reaction (RT-qPCR)
	2.3.8. Non-haem Iron Assay
	2.3.9. Histology
	2.4. Haematoxylin and Eosin (H&E) Staining
	2.4.1. Perls’ Prussian Blue Staining
	2.4.2. Oil Red O Staining for Liver Tissue
	2.4.3. Isolation of Mouse Liver Mitochondria

	2.4.4. Immunohistochemistry of Mouse Liver
	2.4.5. Statistical Analysis


	Chapter 3 Effect of Iron and Free Fatty Acid Loading on Mitochondrial Bioenergetics
	3.1. Background
	3.2. Methods
	3.3. Results
	3.3.1. Cell Viability & Oil Red O Staining
	3.3.2. Effect of Iron and Free Fatty Acid Loading on Oxygen Consumption Rate
	3.3.2.1. Basal Respiration
	3.3.2.2. Proton Leak
	3.3.2.3. Maximal Respiration
	3.3.2.4. Spare Respiratory Capacity
	3.3.2.5. Non-mitochondrial Respiration
	3.3.2.6. ATP Production

	3.4. Discussion

	Chapter 4 Determination of Iron Concentration to Induce Dietary Iron Loading
	4.1. Background
	4.2. Methods
	4.3.  Results
	4.3.1 Hepatic iron concentration
	4.3.2. Effect of iron loading on mitochondrial cholesterol
	4.3.3. Body Weight
	4.3.4. Genes involved in hepatic iron homeostasis
	4.3.5. Genes involved in mitochondrial and peroxisomal fatty acid oxidation

	4.4. Discussion

	Chapter 5 Hepatic Gene Expression in Dietary Iron Loading
	5.1. Background
	5.2. Methods
	5.3. Results
	5.3.1. Mouse body weight and hepatic iron concentration
	5.3.2. Expression of hepatic iron homeostasis genes
	5.3.3. Expression of mitochondrial and peroxisomal fatty acid metabolism genes
	5.3.4. Effect of iron loading on iron homeostasis genes in the spleen
	5.3.5. Effect of iron loading on iron homeostasis genes in the duodenum
	5.3.6. Liver morphology
	5.3.7. Iron loading and hepatic cholesterol crystals
	5.3.8. Hepatic injury markers

	5.4. Discussion

	Chapter 6 Hepatic Changes Associated with High fat and High Iron diet
	6.1. Background
	6.2. Methods
	6.3. Results
	6.3.1. Mouse hepatic iron concentration and liver histology
	6.3.2. Mouse body and liver weight
	6.3.3. Expression of hepatic iron homeostasis genes
	6.3.4. Expression of mitochondrial and peroxisomal fatty acid metabolism genes
	6.3.5. Effect of high fat and high fat plus iron on iron homeostasis genes in the spleen
	6.3.6. Effect of high fat and high fat plus iron on iron homeostasis genes in the duodenum
	6.3.7. Differences in hepatic cholesterol crystals associated with high fat and high fat plus iron
	6.3.8 Markers of hepatic injury

	6.4. Discussion

	Chapter 7 General Discussion
	7.1 Background
	7.2 Effect of iron and lipid loading on mitochondrial respiration
	7.3. Effect of varying dietary iron concentration on hepatic gene expression
	7.4. Hepatic changes associated with dietary iron overload and high fat diet
	7.5. Effect of Iron Overload on Hepatic Cholesterol Crystal
	7.6. Conclusion
	7.7. Limitations
	7.8. Future Directions

	Publications and Presentations
	References
	Appendix A
	Appendix B

	last_pages



