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Abstract

Immune modulation in the prevention of pathologies relating to diet-

induced obesity

Ramiar Kamal Kheder

Non-alcoholic fatty liver disease (NAFLD) results from accumulation of fat in
liver, so-called steatosis. Fatty liver may lead to the development of
inflammation (steatohepatitis). This study analysed the role of high fat diet,
Vitamin D, and complement properdin in mouse models of high fat diet.
Properdin knockout mice, and properdin wild type mice on LDLR” and LDLR*"*
background were fed a high fat —high sugar diet or Western (high fat) diet. Body
weight, fat pad weight, liver histopathology, immunohistochemistry were
analysed. Hepatic expression of candidate genes (TNF-a, srebp-lc, TLRA4,
HMGCR, SR-B1l, PPAR-y) was performed by gPCR. ELISA was used to
quantify serum insulin, Adiponectin, MDA. Liver function test, endotoxin,
complement activation, Western blot were evaluated. in vivo results showed
that a high fat—high sugar diet and so-called Western diet led to the
development steatosis, inflammation, and properdin has a role in the prevention
of obesity, and metabolic syndrome diseases. Vitamin D given to mice fed high
fat —high sugar diet led to the prevention of obesity, and associated
complications. Exercising mice combined with supplemented Vitamin D had a
better effect to prevent metabolic syndrome diseases. in vitro results shown
that DHA, Vitamin D, and Allicin had anti-inflammatory roles by reducing TNF-a
to LPS stimulation.
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Chapter 1 Introduction



1.1 Overview

Insulin resistance, impaired postprandial lipid metabolism and the development
or progression of non-alcoholic fatty liver disease (NAFLD) are metabolic
syndrome diseases caused by increased fat intake, as in Western diets (Martins
et al., 2015). Consumption of sugar in the form soft drinks contributes to the
increased incidence of diabetes and associated cardiovascular disease. One of
the WHO (World Health Organization) guidelines advises to reduce sugar
intake by 5-10 % of the daily calorie intake to reduce metabolic syndrome
diseases, because sugar is a major factor for developing diabetes mellitus type
2 (Zhang et al.,, 2012) and fatty liver disease (Lim et al., 2010). Fructose
promotes de novo lipogenesis, hepatic, and skeletal insulin resistance (Lim et
al., 2010). In the USA, obese adult people will increase to 11 million, and 65
million in the UK by 2030 (Wang et al., 2011). The third most common disease
after cancer and cardiovascular disease is fatty liver disease, which increases
mortality by 1.7-fold (Farrell and Larter, 2006).

1.2 Obesity and diet-induced complications

Obesity refers to an excess of body fat or adiposity, the extent of which is
determined by calculating the so-called body mass index (BMI; in kg/m?). It is a
weight-for-height index that has correlation with adiposity. BMI of underweight
(BMI < 18.5 kg/m?), normal weight (18.5-24.9 kg/m?), overweight (25.0-29.9
kg/m?) and obese (230.0 kg/m?) (Nuttall, 2015).

Chronic low-grade inflammation is a feature of obesity. Obesity is a main factor
that develops NAFLD (Paschos and Paletas, 2009).There is a link between
obesity, and inflammation; the pro-inflammatory cytokine tumor-necrosis factor
(TNF)-a was expressed in adipose tissue (AT) of obese mice, and linked to
insulin resistance (IR) (Hotamisligil et al., 1993). Adipose tissue, liver, and
skeletal muscle play a significant role in glucose uptake, glucose production,
and glucose processing (Hashimoto et al., 2012). Hepatic gluconeogenesis and
lipogenesis were increased due to hepatic insulin resistance in mice and human
(Perry et al., 2014). Free fatty acids (FFAs) accumulation develops into hepatic
steatosis, and disruption of insulin signalling (Fabbrini et al., 2010). There is a

link between dysfunctional glycogen synthesis, insulin resistance, and
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dysregulation of fatty acid metabolism in skeletal muscle which results in
impaired insulin signalling (Fabbrini et al., 2010). Adipose tissue is a lipid
storage organ, which is composed of white and brown adipose tissue. The
former is involved in insulin resistance and obesity, but the latter plays a
positive function on insulin action. White adipose tissue expands due to weight
gain; as the result, inflammatory cytokines are increased (McArdle et al., 2013).
Insulin resistance develops in the obese state due to white adipose tissue
expansion and immune cell recruitment, because white adipose tissue plays in
the release of FFA, dysregulation of FFA metabolism, and insulin stimulated—
glucose uptake (McArdle et al., 2013). Adipocyte fraction of obese mice showed
elevation of IL-6, inducible nitric oxide synthase (iNOS), and MCP-1 (Weisberg
et al., 2003). Obesity goes along with dysfunctional lipid metabolism, and
impaired insulin signaling; thus, circulating free fatty acids (FFAs) play a
negative effect on insulin target tissues. FFAs act through the activation of
inflammatory pathways, via cell surface pattern recognition receptors (PRRS)
(Shi et al., 2006). In addition, diacylglycerol (DAG), and ceramides, which are
fatty acid metabolites, play a negative role on insulin action (Schenk et al.,
2008). Central obesity and over-nutrition are features of non-alcoholic fatty liver
disease (NAFLD), and type 2 diabetes (Farrell and Larter, 2006). Metabolic
complications, including fasting hyperglycaemia, the elevation of serum lipids,
and high blood pressure, are a key point to develop fatty liver disease (Farrell
and Larter, 2006). Mice given high fat diet during pregnancy and lactation
period induced metabolic abnormalities in the offspring (Kruse et al., 2013).
Mice given high fat diet changed multiple molecular factors that act
synergistically to increase the risk of colon cancer associated with obesity
(Padidar et al., 2012). Colon cancer can be induced in rats given a high fat diet,
and low dietary intakes of calcium, Vitamin D and folic acid, which was
designed to mimic the human Western diet (Newmark et al., 2001).

Dietary food releases FFA after the meals. Insulin enters circulation via the
portal blood stream Insulin, which is released from pancreatic B cells, acts on
lipid metabolism in both liver, and adipose tissues (Saltiel and Kahn, 2001). In
adipose tissue, high levels of insulin causes the initiation of triglyceride
biosynthesis from FFAs (Parekh and Anania, 2007). In the liver through

SREBP-1c expression and through PPARy in muscle, insulin promotes
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lipogenesis, and increases lipid export (Kersten, 2001). Hepatic steatosis is
caused by increased import and decreased export or oxidation of fatty acids.
The actual mechanisms associated with development of NAFLD are de novo
lipogenesis, increased adipose tissue lipolysis, increased dietary FFA levels,
impaired [B-oxidation, and impaired VLDL synthesis. These have a role in

increasing accumulation of triglycerides, leading to NAFLD (Lau et al., 2017).

Liver FFAs are either comes from adipocytes lipolysis which store triglyceride or
from dietary FFA. FFA may lead to [B-oxidation in mitochondria to produce
energy for cells and ketone bodies. In addition, FFA produce triglyceride which
either it can be stored as lipid droplets or can be exported via very low-density
lipoproteins (Saltiel and Kahn, 2001). In addition, in obesity, which causes
insulin resistance, triglyceride levels in circulation are elevated because there is
no VLDL inhibition (Parekh and Anania, 2007).
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Figure 1-1: High fat diet-induced complications: mechanisms of induction of insulin
resistance.

Long term consumption of a high fat diet sets off sequential mechanisms across many organ
systems, and cells.



1.3 Obesity associated inflammation

Fatty liver disease occurs in the obese. There are many features that are
related to increased obesity; one of the most common causes is the chronic
state of inflammation. Characteristically, chemoattraction of immunocytes, such
as monocytes, plays a role and circulating free fatty acids which are deleterious
to membrane integrity, but may function as endogenous ligands for TLR (Toll-
like receptor) binding. Tumour necrosis factor, interleukin-6 and monocyte
chemoattractant protein-1 are examples of inflammatory cytokines that are
enhanced in obesity. The increase in the size of adipocytes may cause hypoxia,
as a result, this may lead to the necrosis of fat cells (Hursting and Hursting,
2012).

Rudolph Virchow was the first to discover the relationship between cancer and
inflammation. He observed white blood cells in neoplastic tissue (Hursting and
Hursting, 2012). The link between chronic inflammation and cancer is now
accepted, because inflammatory lesions tend to produce or increase the risk of
cancer. Steatohepatitis can be repaired by activation of progenitor cells;
however, more reactivation of progenitor cells may progress to cancer (Lade et
al., 2014).

In a model of chemically induced hepatocellular carcinoma, the presence of
Toll-like receptor 4 (TLR4) was shown to have a protective role by eliciting an
inflammatory response within the treated liver (Wang et al., 2013). By contrast,
Dapito and colleagues, conclude that the presence of TLR4 enhances the
development of hepatocellular carcinoma in the presence of endotoxemia
(Dapito et al., 2012).

Macrophages determine progression of inflammation. This is because
macrophages in liver produce inflammatory mediators such as tumour necrosis
factor, interleukin-1, and reactive oxygen species (ROS) in non-alcoholic
steatohepatatis (Miura et al., 2012). These inflammatory mediators further
stimulate hepatocytes and hepatic satellite cells, to induce hepatocyte steatosis
and fibrosis. Macrophages encourage development of steatohepatitis because
of the interaction of chemokine-chemokine receptors on liver cells, and Kupffer
cells. Depletion of Kupffer cells will progress to ameliorate steatohepatitis

(Miura et al., 2012). TNF-a has a role in activating Kupffer cells, and thereby



promoting inflammation of liver. It was shown that steatosis, liver injury, and
pro-inflammatory monocyte infiltration were reduced as a result of depletion of
Kupffer cells (Tosello-Trampont et al., 2012). T-helper 17 (Th17) cells protect
body against foreign particles, autoimmune disease, and their functions are well
mediated by production some cytokines, for example IL-17 which increased in
expression in liver diseases. Expression of IL-17 receptors is present in liver
parenchymal, and non-parenchymal cells, and it has a role in liver inflammation
by promoting non-parenchymal liver cells to produce pro-inflammatory
cytokines (Lafdil et al., 2010). A previous study showed that, in the absence of
properdin, IL-17 mRNA expression in unstimulated spleen is significantly
reduced compared to wildtype, and is not upregulated to the levels observed in

wildtype during infection (Dupont et al., 2014).

1.4 Liver manifestation of diet-induced obesity

Steatosis is the accumulation of fat in hepatocytes which can lead to an overall
increase in liver size, so-called hepatomegaly. Accumulation of lipids may lead
to inflammation. This is called non-alcoholic steatohepatitis (NASH), to
differentiate the disease from alcohol-induced liver injury, either of which can
progress to cirrhosis (Brown and Kleiner, 2016). It is estimated that there is
evidence of non-alcoholic steatohepatitis in up to a third of populations in the
developed world (Preiss and Sattar, 2008), (Asrih and Jornayvaz, 2015).
Chronic liver inflammation can also be caused by genotoxic agents, hepatic
viral or parasitic infection, and autoimmune reaction, and leads to hepatocellular
carcinoma. Mechanisms involved are Ilymphocytic infiltration, immune
recognition, and oxidative stress (Kang et al., 2011). Endoplasmic reticulum
stress in oxidative conditions leads to further cell damage (Stauffer et al., 2012).
NAFLD is started by accumulation of triglyceride (TG) droplets, and may be
associated with other expressions of metabolic disease such as diabetes
mellitus type 2 (Anstee et al., 2013). In adipose tissue, several pro inflammatory
adipokines such as IL-6, IL-8, IL-1B, and TNF-a, and monocyte chemoattractant
protein-1, and also hormones such as leptin, adiponectin and resistin are
produced. Furthermore, pro inflammatory adipokines lead to liver inflammation.

The actual mechanism for this is that pro inflammatory adipokines stimulate



production TNF-alpha, IL-6, reactive oxygen species, and the increase
adipocyte lipolysis (Scorletti and Byrne, 2013). If fatty acids and cytokines enter
the liver, then it will cause the increase endoplasmic reticulum stress, and
Kupffer cell activation. As a result, liver inflammation is triggered by
endoplasmic reticulum stress, and Kupffer cells activation that will promote
NASH development (Scorletti and Byrne, 2013). NAFLD is linked to the
reduction of cellular responses to insulin, termed insulin resistance. This is
described as the “first hit” resulting in the accumulation fat in liver (steatosis)
(Anstee et al., 2013).

Furthermore, in liver cells, it will lead to the increase of gluconeogenesis, the
uptake of FFA, changes in the removal of triglyceride for instance, VLDL, and B-
oxidation inhibition. This alteration of lipid metabolism is the main cause in the
fatty liver disease development (Anstee et al., 2013). The “second hit” of
NAFLD is oxidative stress development in hepatocytes, which is promoted by
fructose (Lim et al., 2010) then is followed by steatohepatitis, and liver cirrhosis
(Vonghia et al., 2013).

NAFLD is obesity associated metabolic syndrome disease, ranging from non-
alcoholic fatty liver (NAFLD), nonalcoholic steatohepatitis (NASH), liver fibrosis,
and to liver carcinoma. Steatosis is a characterization of NAFLD while, in NASH
steatosis, lobular inflammation, and hepatocellular ballooning were detected,
NASH also will lead to the development of liver fibrosis and liver carcinoma
(Paschos and Paletas, 2009).

Mice fed a high fat diet develop NAFLD because of increased dietary FFA
levels. The increase of oxidative stress and proinflammatory cytokines are
associated with the progression of steatosis to steatohepatitis. The main factors
associated with NAFLD are obesity and insulin resistance. In the obese state,
proinflammatory cytokine TNF-a (which may be elevated due to concomitant
elevation of endotoxins) inhibits the phosphorylation of insulin receptor; this
leads to the development of insulin resistance. The association between insulin
resistance and liver steatosis is as follows: when insulin sensitivity is lost, insulin
is not able to inhibit the hormone sensitive lipase which promotes the increase
FFA release from adipocytes to the circulation and redirects these to the liver.
Insulin resistance is described by hyperinsulinemia and hyperglycaemia.

Hepatic de novo lipid synthesis ensues by upregulation of the membrane-bound
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transcription factor sterol regulatory element-binding protein-1¢c (SREBP-1c)
and carbohydrate response element-binding protein (ChREBP). In addition,
hyperinsulinemia plays as the inhibition of B-oxidation of FFAs (Lau et al.,
2017).

In muscle and adipose tissue, Insulin enters glucose via glucose transporter-4.
It is estimated 60-70 % of body insulin and 10% can be taken in muscle and
adipose tissue respectively. Insulin plays a significant role in glycogen synthesis
via glycogen synthase. However, insulin is not able to produce glycogen in
muscle during insulin resistance and it leads to decreased intracellular glucose
translocation. There is a relation between insulin resistance and endothelial
dysfunction which causes atherosclerosis via elevated triglycerides and

increased foam cell formation (Wilcox, 2005).

Endotoxemia coincides with the development of NASH. The pattern recognition
molecule CD14 that associates with LPB-bound endotoxin is combined with toll-
like receptors to form (TLR4-CD14) complex. Lipopolysaccharide activates,
and stimulates toll- like receptors, and as a result, inflammatory mediators such
as IL-6, leptin, and tumour necrosis factor-a are induced (Harte et al., 2010).
Endotoxin clearance is performed in liver by initiation of acute phase response.
Residential liver Kupffer cells have an important role in absorbing endotoxin; it
is secreted in small amount from intestinal lumen in non-infectious state.
Elevation amount of endotoxin may result in NAFLD and an insulin resistant
state. A high fat diet has a role in the increased translocation of LPS into the
blood (Harte et al., 2010). In mice, high fat - high fructose diet plays role in the
development of NASH, and the amount of endotoxin may depend on the type of
bacteria: In the obese state, bacterial flora of gut will change for both, humans,
and mice. Bacterial overgrowth, increased gut permeability, and intestinal
dysmotility are characteristics of patients with NAFLD and NASH. Endotoxin
level in NAFLD patients was higher (10.6 EU/mL) compared to control patients
(3.9 EU/mL) (Harte et al., 2010).
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Figure 1-2: Pathophysiology of non-alcoholic fatty liver disease from steatosis to NASH.
Obesity is a main factor to develop insulin resistance. This leads to hyperinsulinemia and hyper
glycaemia which promote hepatic de novo lipid synthesis by upregulation of the
membrane-bound transcription factor sterol regulatory element-binding protein-1¢c (SREBP-1c)
and carbohydrate response element-binding protein (ChREBP), respectively. Hyperinsulinemia
plays as the inhibition of 3-oxidation of FFAs. Some factors are related to NAFLD including de
novo lipogenesis, increased adipose tissue lipolysis, increased dietary FFA levels, impaired
B-oxidation, and impaired VLDL synthesis. These have a role in the increase of triglyceride
accumulation resulting NAFLD. Oxidative stress and pro-inflammatory cytokines increases with
the progression of steatosis to steatohepatitis.The red arrows indicate increase (pointing
upward). FFA, free fatty acids; TG, triglyceride; VLDL, very-low-density lipoprotein, HFD: high
fat diet.

1.5 Triglyceride and fatty acid metabolism in the liver

Triglyceride and fatty acid metabolism occur in the liver. In fatty liver disease,
triglyceride is initiated as the result of free fatty acid combination, and glycerol.
Free fatty acid formation sources are dietary foods, which enter the liver via
intestinal chylomicrons, adipose tissue lipolysis process, and liver synthesis of
fatty acid via de novo lipogenesis (Donnelly et al., 2005).

Dietary lipids act as a source of liver fat deposition. In the duodenum and
proximal jejunum, long free fatty acids are taken up by intestinal enterocytes,
where they are esterified to triglycerides. As the result, they enter the circulation
as a chylomicron. In proximal small intestine, medium free fatty acids also are
taken to the liver directly by entering in to plasma NEFA pool (Westerbacka et
al., 2005). FFA biosynthesis process is also developed by de novo lipogenesis
in liver, and adipose tissue as a respondent to dietary carbohydrate after a
meal.

Serum non esterified fatty acid, which is a major source of fatty acids, and de
novo lipogenesis caused triglyceride liver synthesis (Timlin and Parks, 2005).
Liver steatosis and inflammation is associated with several alterations in lipid
metabolism process steps especially lipid production and removal in liver. The
factors that lead to the increase of triglyceride accumulation are the increase of
dietary source, adipose tissue lipolysis, oxidation of free fatty acids, and the

decrease of lipid removal via low density lipoprotein (Tiniakos et al., 2010).
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1.6 The role of complement in metabolism

1.6.1 The complement system

The complement system is part of the innate immune system, and consists of
more than 30 proteins. They can be present as soluble protein in blood or as
membrane associated proteins. There are three pathways (classical, lectin, and
alternative) which lead to production of complement activation products C3a,
Cbha (anaphylatoxins), opsonins (C3b), and formation of membrane attack
complex (C5b-9) (Hourcade, 2006).

The classical pathway is activated when immune complexes are formed by
binding 1gG or IgM antibodies to pathogens, antigens, and non-self-antigens.
C1g complement protein in complex with C1r, and C1s binds to the Fc region
of antibody attached to antigen, activating C1r, and C1s, which cleave C4, and
C2 to form C4bC2a (C3 convertase). The Lectin pathway is activated by binding
of mannan-binding lectin (MBL) or ficolin to carbohydrates on a pathogen’s
surface. MBL is a carbohydrate-binding serum protein, which circulates in
complex with serine proteases known as mannan-binding lectin associated
serine proteases (MASPs) (Petersen et al.,, 2001). Their activation leads to
cleaving of C4, and C2. The classical and lectin pathway C3 convertase is the
C4bC2a, which cleaves C3 into C3b, and C3a. C3b can associate with C4bC2a
to form the C5 convertase of the classical and lectin pathways, C4bC2aC3b.
The alternative pathway (AP) is activated when C3 undergoes spontaneous
hydrolysis, C3 (H20) (functionally similar to C3b). AP C3 (H20) Bb (C3
convertase), is initiated by binding factor Bb (which is initiated due to cleavage
to Bb, and Ba by factor D) with C3 (H20). The basis of an amplification loop is
formed by C3 (H20) Bb, which starts to cleave C3 to C3a, and C3b. The C3b
that is formed then binds to factor Bb yielding C3Bb (AP C3convertase). The
complex is stabilised by properdin complement, which is also called factor P.
The C3a via the enzyme carboxypeptidase is converted to C3adesArg. C5
convertase is formed when C3b binds to C3 convertase, and its activity leads to
the production of C5a, and C5b. C5b is part of the membrane attack complex
(Merle et al., 2015).
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1.6.2 Properdin and its role in complement system

Properdin is a 53kDa protein which binds to C3b, and plays a role in alternative
pathway activation as follows: properdin complement acts as the only positive
regulator of alternative pathway (Figure 1.3, B). It stabilizes C3, and C5
convertase by interaction with factor B bound C3b, as a result more cleavage of
C3 and C5 are initiated (Blatt et al., 2016). Decay of the convertase, which is
accelerated by factor H, and I, is decreased by properdin, thereby extending the
half- life of the convertase (Blatt et al., 2016).

Properdin, in addition to its stabilising role provides a point to assembly C3bBb
on a surface, and may amplify the C3 convertase formation by binding to
membrane bound C3b, iC3b or other ligands to form a C3b-properdin complex.
This complex can increase the association of factor B to C3b, and further C3Bb
is initiated. As a result, properdin may direct activation of C3 on the surface of
targets (Hourcade, 2006). iC3b (C3b degradative product) has a continual role
in complement activation due to its affinity for properdin complement, and if it is
not degraded as a result it leads to the accumulation iC3b on the cell surface,
either causing damage to the cell or contributing to pathogenicity, but C3dg,
and C3c (degradative product of iC3b by factor I, and complement receptor 1)
cannot lead to complement activation because they do not bind to properdin
(Hourcade, 2006).
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Figure 1-3: A simplified overview of triggers and effects of complement activation and
properdin functions.

Complement triggers and effects of complement activation and functions (A). Properdin
functions (B), it is regulator and initiator of alternative pathway. Properdin act as positive
regulate by stabilizing the alternative pathway C3 and C5 Convertases. It also binds to specific
surface and recruits C3H20 and C3b to initiate alternative pathway, which increases alternative
pathway activity 5-10-fold. P=Properdin, C2,3-C9, =complement proteins.
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1.6.3 Generation and function of complement C3a-desarg

The complement system bridges the innate and adaptive immune response. In
addition, complement activation works to shape cellular responses (Kemper
and Hourcade, 2008). Recent studies have assigned a role for complement in
metabolism, aside from its importance in the innate and adaptive immune
defense. Acylation stimulating protein, which is an enzymatically modified
complement system activation product (anaphylatoxin C3a without C terminal
arginine residue, so-called C3a-desarg), leads to the increase glucose-
stimulated insulin secretion by acting directly on B-cells, resulting in glucose
disposal (Ahren et al., 2003).

Adipsin, which is produced in adipocytes, is complement factor D. Two other
components of the alternative pathway, C3 and factor B, can be synthesised by
adipocytes (Choy et al., 1992). Therefore, adipose tissue may contribute to
complement activation. Adipocytes respond to C3a-desArg. There is a positive
correlation between Acylation stimulation protein (ASP) level and NEFA and
cholesterol. ASP enhances lipogenesis triglyceride (TG) synthesis via elevated
diacylglycerol acyltransferase activity, and binds to C5L2 to enhance
triglyceride synthesis in adipocytes (Paglialunga et al., 2008). The lack of ASP
in C3, and factor B deficient mice led to glucose intolerance, and delayed
triglyceride, and NEFA clearance (Paglialunga et al., 2007). However,
according to Munkonda and colleagues, in C3 deficient mice fed high fat diet
given ASP increased adipose tissue inflammation, and insulin resistance
(Munkonda et al., 2012). Therefore, increased levels of C3, and ASP together
with ongoing inflammation, may enhance adipose tissue dysfunction, and
provoke insulin resistance. The exact roles of ASP and C3 in lipid metabolism,
and insulin resistance are not fully understood.

ASP is a serum protein capable of stimulating triglyceride synthesis in cultured
fibroblasts, and adipocytes. ASP is identical to C3adesArg. Inactive form of
complement anaphylatoxin peptide is called C3a. ASP acts as adipocyte
autocrine factor which plays a significant role in metabolism of adipocytes
(Kildsgaard et al., 1999).

After a meal, in normal situation, half of free fatty acid enters adipocytes, and
half of it binds to aloumin which enters the liver. In capillaries of adipose tissue,

14



chylomicrons (TG rich lipoprotein) attach to endothelial cells, lipoprotein lipase
hydrolyse, and TGs, and the membrane bound to lipoprotein lipase will lead to
the release of NEFA. NEFA will either enter adipocytes to be absorbed as de
novo TG synthesized or they may enter the general circulation bound to plasma
albumin. ASP acts on adipocytes by two mechanism. Firstly it causes glucose
entry via stimulating translocation of glucose transporters (GLUT 1, GLUT 2,
GLUT 3 and GLUT 4). Secondly, ASP acts on last enzyme involved at TG
synthesis, diacylglycerol transferase, due to increasing activity of ASP
(Kildsgaard et al., 1999).

It has been suggested that C5L2 acts as a receptor for ASP and possibly C5a
(Kalant et al., 2005). Because there was not a direct interaction between C5L2
and ASP, so there was a doubt to assure the binding ASP to C5L2 (Johswich et
al.,, 2006). Noticeably, delayed postprandial TG clearance and reduced
adipocyte size were shown in C5L2-deficient mice fed a diabetogenic diet. Also,
some insulin resistance features and inflammation were detected, including
higher glucose uptake, and lipid deposition in the liver (Paglialunga et al.,
2007). It can be determined that that C5L2 deficiency may develop the increase
of C5a-C5aR which leads to the enhancement of adipose tissue inflammation,
and insulin resistance (Lim et al., 2013). In a study performed on rats, using
antagonists of C3aR, and C5aR, they caused the decrease of body weight and
improvement of insulin sensitivity (Lim et al.,, 2013). Mice deficient in the
receptor for anaphylatoxin C3a (C3aR) led to the improvement of insulin
sensitivity, and decreased diet-induced macrophage accumulation in the
adipose tissue (Mamane et al., 2009). It can be concluded that there was a
variation in adipose tissue receptors of complement components ASP, C3a,
Cba, so further studies are needed.

The liver is a main source for plasma complement production that includes
factors for activation complement pathways (classical, lectin, and alternative
pathway). Complement receptors C3a receptor, C5a receptor, and C5L2 are
expressed by parenchymal cells (hepatocytes, and non- parenchymal cells
(Kupffer cells, stellate, and sinusoidal endothelial cells) (Phieler et al., 2013).
Local complement activation is present in patients with NAFLD compared to
healthy controls. It therefore appears that complement activation associates

with the progression of NAFLD. For example, the cleavage of complement
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proteins to trigger C5a and C3a leads to neutrophil infiltration in tissues, and
increase of pro-inflammatory markers such as IL-6, TNF-a, and IL-8 by
activated Kupffer cells (Rensen et al., 2009b). In livers of patients who have
NAFLD, C3, IL-6 mRNA, IL-8 mRNA were more highly expressed, and also
neutrophil infiltration, and apoptosis were increased compared to normal people
(Phieler et al., 2013). In NASH patients’, gene expression of C3 in liver is
increased, but in liver cirrhosis C3 is lower in serum, due to abnormal liver
function. Mice given a high fat diet increase their hepatic expression of
complement Factor D, which is a key component of the alternative pathway,
and may play a direct role in the development NAFLD (Phieler et al., 2013).

Complement activation; Vi csaa  Macrophage

Food intake = ) FFA Glucose insulin, Vs @ ‘w!
Energy == Chylomicrons © Neatrophis ‘
expenditure 'S ‘md

Extracellular amyloid fibrils
resulting extra lipid led to
complement activation on i
cells.

release

Figure 1-4: The proposed contributions of complement system activation products to the
development of obesity and associated pathologies.
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Anaphylotoxins C3a, C5a, and C3adesArg (ASP) are increased, both locally,
and systemically during obesity, resulting in the increase of plasma and tissue
concentrations of free fatty acids (FFA), glucose (Glc), insulin, and chylomicrons
(Figure 1.4, A). C3a, and Cbha binding to their respective receptors C3aR, and
C5aR, complement components could enhance triglyceride (TG) formation by
lipolysis inhibition, enhanced Glc, and FFA uptake, and the decrease of FFA
release indirectly. Furthermore, C5L2 was shown to stimulate lipid incorporation
into TG via diglyceride acyltransferase (DGAT) activation. Several complement
factors, including factor D (adipsin), fP (properdin), factor B, factor H, and C3,
can be produced by adipocytes in the obese adipose tissue (B). Anaphylatoxin
C3a, and potentially C5a can stimulate adipose tissue macrophage (ATM)
recruitment, macrophage polarization to a pro-inflammatory phenotype, pro-
inflammatory factors, contributing to obesity induced insulin resistance (C). C3a
can potentially regulate TG accumulation in hepatocytes, and hepatic steatosis.
C3 was linked to C1q, and membrane attack complex (MAC) deposition as well
as hepatocyte apoptosis. In addition, hepatocytes can enhance neutrophil
recruitment via pro-inflammatory factors such as IL-6, and IL-8, as well as
complement activation. Moreover, C5a was implicated in liver fibrosis
development (D). Food intake, and energy expenditure impairment was
implicated by complement through acting on the central nervous system (E).
Extracellular amyloid produced by the increase of NEFA, and cholesterol during
obesity as a result complement activation occurred on 3 cells which leads to the
B cell death (F).
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1.7 Mouse model using LDLR"

The combination of steatosis and inflammation can lead to the development of
liver fibrosis, and cirrhosis. LDLR” mice develop steatohepatitis after 3 months
of high fat high cholesterol (HFC) diet (Bieghs et al., 2012), and there is
increased sensitivity for oxLDL uptake by bone marrow derived macrophages in
the absence of LDLR” mice (Bieghs et al., 2012).

MRNA expression for inflammatory mediators such as MCP-1, TNF, and of
CD68 (macrophage marker) were increased after 7, and 21 days high fat diet
(HFD) in LDLR” mice, while there was no inflammation in wild type mice on
HFD and even normal chow (Wouters et al., 2008). There was more
inflammation in livers of LDLR” mice compared with wild type mice. There was
greater plasma total cholesterol and an accumulation of lipid droplets in LDLR
mice fed HFD liver sectioned samples, consistent with NASH, compared to wild
type.

Male LDLR” mice had increased steatosis, and inflammation. Characteristically,
there was an increase of infiltrating macrophages, T cells, and monocytes. Also
inflammatory cytokines, such as TNF-a, and MCP1 (inflammatory mediators),
and CD68 (macrophage marker) were increase at the 7 days feeding HFC
compared with chow diet, and HFC wild type mice. In male LDLR” mice there
was steatosis, and fibrosis at the 3 months feeding HFC; this was investigated
by performing the gene expression of Tgfg, Mmp-9, Collal, Timpl, and a SMA.
In addition, apoptosis was only seen in LDLR” mice group, this was
investigated by performing apoptotic markers such as Bax, Bcl-2, Trafl, BFI 1,
and chop. Lipid-related genes expression such as CD-68, Sr-a, LPI, Abcal,
and Ppary were more increased in LDLR” HFC mice. Qil Red O staining test
shows that hepatic steatosis had appeared in LDLR” in three months feeding
HCF; the level of IL6 (stimulates B and T cells) CD36 (uptakes of oxidised
cholesterol, and transduction of inflammatory signal) and after oxLDL loading,
was more abundantly expression in LDLR”- bone marrow derived macrophages

compared to control (Bieghs et al., 2012).
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1.8 Nutritional and lifestyle intervention in fatty liver

disease

Lack of dietary Omega 3 associates with the development of insulin resistance,
fatty liver disease and dyslipidaemia (Scorletti and Byrne, 2013).
Atherosclerosis, and its clinical manifestations of myocardial infarction, sudden
death, and stroke are likely to be prevented by Omega 3 (Mori and Beilin,
2004). Vitamin D deficiency has been found in NAFLD patients. It therefore
appears that lower Vitamin D is more likely to increase susceptibility to develop
NAFLD (Stein and Shane, 2011). Body weight, and central obesity decreased
by giving garlic in a group of people with NAFLD (Soleimani et al., 2016).
Exercise training has a role in the decrease or inhibition of inflammation by
switching of M1 macrophage to M2 macrophage. TNF-a, and F4/80 mRNA
expression in adipose tissue mice was reduced a result of the exercise training.
A M1 macrophage marker, CD11c, increased in high fat diet; however, mRNA
expression was decreased in the exercise training high fat diet fed mice.
However, CD163, M2 macrophage marker, decreased in high fat diet; while,
there was increased mMRNA expression in adipose tissue of the exercise mice
training. The mMRNA expression of Toll like receptor 4 was decreased in

adipose tissue of the exercise mice training (Kawanishi et al., 2010).
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1.9 Hypotheses
1. LPS-induced inflammatory effect on hepatocytes and macrophages in

vitro is aggravated by Nonesterified fatty acids and ameliorated by Vitamin D,
DHA or allicin.

2. Dietary Vitamin D significantly improves obesity induced inflammation in
Vivo.
3. Complement properdin has a significant role on the development of fatty

liver disease in vivo.
4. The addition of exercise to dietary consumption of Vitamin D improves

high fat diet-induced disease.
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1.10 Aims and objectives

The overall aim of the current study was to identify modulation of the
inflammatory response to development of diet induced obesity. Therefore, this
study investigated the role of Vitamin D in diet induced obesity and liver disease
in mice on a LDLR" background (prone to develop metabolic syndrome), and
LDLR**. This study also investigated the role of properdin in diet induced
obesity and liver disease, by comparing properdin deficient and wild type mice
on a LDLR”/ LDLR** background. Furthermore, also test the anti-inflammatory
role of Vitamin D, DHA, and Allicin. Finally, this study investigates an additional
positive effect of voluntary exercise on the beneficial effect of Vitamin D added
to our high fat high sugar diet. Therefore, the specific objectives of my study
were:

e In vitro, using J774 and HepG2 cells to study anti-inflammatory role of
Vitamin D, DHA and Allicin (measuring TNF-a). In addition, using
markers of relevance in profibrotic (TGF ), and lipogenic response
(SREBP-1c, PPAR-q).

e To establish a fatty liver disease model and prediabetic phenotype in
Vivo, LDLR”- and LDLR** mouse lines were used by giving high fat-high
sugar diet and Western diet to mice for ten weeks and five weeks.

e To understand the role of Vitamin D and complement properdin in
developing metabolic syndrome disease, a variety of readouts were used
(Body weight, Fat pad weight, liver histology, qPCR for liver and adipose
tissue, ELISA, liver functions, endotoxin assay, immunohistochemistry for
liver and adipose tissue, protein array, Western blot for C5L2 in liver and
adipose tissue, serum complement activation).

e To investigate beneficial effect of supplemented Vitamin D with access to
exercises, body weight, fat pad weight, liver histology, Insulin ELISA,

TNF-a, IL-6 and NEFA, complement activation assay were analysed.
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Chapter 2 Materials and Methods
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2.1 Materials
2.1.1 Animals

For this work a mouse line was used, which is described in an atherosclerosis
model (Steiner et al., 2014), and was part of a study conducted during a British
Heart Foundation-funded grant period at University of Leicester and University
of Sheffield. As part of this work, a novel mouse line was generated by
intercrossing commercially available LDLR” mice (LdIrt™He/J:  Jackson
Laboratories), and a previously generated Properdin-deficient (PKO) mouse line
Cfptmicmst (Stover et al., 2008), which is owned by the University of Leicester.
Properdin deficient, and wild type mice were also used.

Mice were maintained in a barrier facility on 5LF2 (14% protein, 6% fat, 65%
carbohydrate). At 3 months of age, they were randomised to two groups fed for
10 weeks the formulated (cholesterol free) diet 58R3 (20% protein, 36% fat,
35% carbohydrate, rich in sucrose) differing in the content of admixed Vitamin
D3 (1 IU/g vs 10 IU/g) (test diet), and also 5TIN (western diet) were fed to mice
for 10 weeks (18% protein, 19.3% fat, 58% carbohydrate). Animal
experimentation was performed in accordance with UK Home Office
regulations, and institutional guidelines. Mice were weighed weekly. LDLR”" :
model of familial hypercholesterolaemia, LDLR*"*: inbred, but not congenic WT
control.

2.1.1.1 Genotyping of wildtype and properdin deficient mice

The aim of this experiment was to confirm the genotype of the mice. This
method involves the analysis of DNA extracted from tail snip biopsies using
polymerase chain reaction.

For each sample to be tested, 120ul of 0.5M EDTA solution (pH 8.0) was added
to 500pl of nuclear lysis solution in a centrifuge tube followed by chilling the
mixture on ice. The next step was to add 0.5-1.0 cm of thawed mouse tail to a
1.5 ml microcentrifuge tube followed by adding 600 ul of EDTA/nuclei lysis
solution previously prepared to the tube. Then 17.5ul of 20mg/ml proteinase K
was added followed by overnight incubation at 55 °C with gentle shaking. In the
next day the sample was allowed to reach room temperature for 5 minutes, then
3ul of RNaseA (4mg/ml) was added to the nuclear lysate followed by mixing the

sample by inverting the tube 2-5 times. The mixture was incubated for 15-30
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minutes at 37 °C. Then 200ul of protein precipitation solution was added
followed by vortexing vigorously at high speed for 20 seconds. After that the
samples were chilled on ice for 5 minutes and centrifuged at 13000-16000g for
4 minutes. The supernatant (containing the DNA) was removed carefully and
transferred to a clean 1.5ml microcentrifuge tube containing 600ul of room
temperature isopropanol. Then the mixture was incubated at room-temperature
for 5 minutes. After incubation, the mixture was centrifuged at 15,5009 for 4
minutes. After centrifugation, the supernatant was decanted and 200ul of 70%
ethanol was added to the pellet, then the mixture was centrifuged as before.
After centrifugation, the supernatant was decanted and the pellet left to dry,
then 200ul of 0.2XTE performed (Tris EDTA buffer) was added. Polymerase
chain reaction was done using the following primer pairs:

For the wildtype gene:

WT antiproperdin 5-GGATTATCACATACTCGTTGACGG-3

PCAS 5-CTCTTGAGTGGCAGCTACAG-3

For the targeted gene (KO specific):

OCP665-CGTGCAATCCATCTTGTTCA-3’

Neoend anti5’-CAAGGCAGTCTGGAGCATGC-3

A mixture containing 2ul of 25 mM MgCl2, 0.5ul of genomic DNA (1/200
dilution), 2.5ul of 10X buffer, 4.0ul of dNTPs(1.25mM), 0.5ul of sense primers,
0.5ul of antisense primers and 0.2ul of Thermoprime Taq polymerase were
added to a nuclease free microcentrifuge tube. The reaction was made up to
24.5ul with sterile distilled water. The following cycling conditions were applied:
initial denaturation at 94 ‘C for 2 minutes and 30 seconds, thirty cycles of
denaturation at 94 ‘'C 45 seconds, annealing at 59 °C for 30 seconds and
extension at 72 ‘C for 1 minute and 30 seconds. The final extension was 72 °C
for 10 minutes, finally the sample was held at 15 ‘C. The size of the PCR
product was analysed using 1% agarose gel electrophoresis. The wildtype
genotype should show a 1000bp band while the properdin deficient genotype
should show a 500bp band.
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Figure 2-1 Genotyping of wildtype and properdin deficient mice by PCR.

Numbers indicate ID numbers of experimental mice. Products from PCR reaction were loaded
in 1% agarose. A 1000bp fragment was seen in the wildtype mice, while a 500bp fragment seen
in the properdin deficient mice (representative image). (Wt= wildtype gene amplification;
N=knockout specific gene amplification). Lane N 5152, 5244, did not work.

Table 2.1: Different diet components

Nutritional profile  Erodent diet %14 Western diet for High fat diet —high
(Normal chow diet) rodents (HFD) (5TJN) fructose
(5LF2) (58R3)

% Protein 14.3 18 20.2

% Fat 5.8 19.8 36

% Sucrose 0.94 7.8 17.4

Soybean meal Up to 20% Not included Not included

(Phytoestrogens)
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2.1.2 HepG2 cell line

This is a human liver carcinoma cell line that was used to investigate steatosis,
inflammation when Vitamin D3 was added. Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum, 2mM L-glutamine, and 100 U/
ml penicillin 100ug/ml streptomycin was used to maintain HepG2 cell line.
Incubation was at 37°C with 5% CO2 in a humidified chamber. Cells were
counted and adjusted to 40,000/ml for HepG2 in 25cm? flasks (5ml) and treated

when 70%confluent.

2.1.3 J774 cell line

This is a macrophage cell line that was used to investigate changing M1 to M2
macrophages. RPMI (Roswell Park Memorial Institute medium) (Gibco) with
10% fetal calf serum, 2mM L-glutamine, 100U/ml penicillin, 100 ug/ml
streptomycin was used to maintain J774 cell line. Incubation was at 37°C with
5% CO: in a humidified chamber. Cells were counted and adjusted to 60,000/ml

for J774, in 25cm? flasks (5ml) and treated when 70%confluent.
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2.2 Methods

2.2.1 Polymerase chain reaction (PCR)

2.2.1.1 Ribonucleic acid (RNA) isolation of liver cells

RNA was isolated following the instructions in the TRI Reagent® Protocol. The
livers are homogenised by using a dounce homogeniser with 100mg tissue per
Iml of Trizol then incubated for 5 minutes at room temperature. The
homogenate centrifuged was done for 15 minutes 12,000 xg at room
temperature, and the supernatant collected. 200ul of chloroform was added,
and the tubes were shaken for 5 seconds, and incubated for 5 minutes. After
centrifugation for 15minutes at 12,000 xg, the aqueous phase was collected in
new tubes. The aqueous phase was added 500ul of isopropanol to precipitate
the nucleic acids, and incubated for 5 minutes at room temperature.
Centrifugation for 10 minutes at 12,000 xg, and the supernatant was discarded.
1 ml of 75% ethanol was added to wash the RNA, and centrifugation at 7,500
xg for 5 minutes, the ethanol was removed, and the pellet was air dried. The
RNA pellet was suspended by diethyl-pyrocarbonate 0.2% (v/v)-treated water.
The RNA samples were measured by using a Nano drop spectrophotometer.

2.2.1.2 RNA isolation of adipose tissue

RNA was prepared using RNeasy® Lipid Tissue Mini Kit (Qiagen, Manchester
UK). The adipose tissues are homogenised by using a homogeniser with
100mg tissue per 1ml of QIAzol lysis reagent, then incubated for 5 minutes at
room temperature, 200l of chloroform was added, and the tubes were shaken
for 15 seconds, and incubated for 3 minutes. After centrifugation for 15minutes
at 12,000 xg, the aqueous phase was collected in new tubes, then 75% ethanol
were added, up to 700ul of samples were transferred to RNeasy mini spin
column 2 ml collection tubes. After centrifugation for 15 seconds at 8,000 x g,
the flow-through was discarded. To repeat the former step, same collection
tubes were used. The 700ul buffer RW1 was added to RNeasy column. After
centrifugation for 15 seconds at 8,000 xg, the flow-through was discarded. The
500ul buffer RPE was added to RNeasy column. Centrifugation was performed
for 2 minutes at 8,000 xg, after RNeasy column was put in a 1.5ml new tube

then 50 pul RNase-free water was added. Later, Centrifugation was performed
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for 1 minute at 8,000 xg. Finally, the RNA samples were measured by using a
Nano drop spectrophotometer

2.2.1.3 Purification of RNA

To ensure that the final amplification product mirrored true mRNA expression,
isolated RNA was digested with DNAse | (5 U for 10ug RNA preparation, 37 °C,
and 30min). This step removes contaminating genomic DNA, and is important
when using primers which do not span an intron. After the digest, and renewed
precipitation, and washing, the concentration of nucleic acids was determined
using Nanodrop spectrophotometer.

2.2.1.4 Synthesis of complementary deoxyribonucleic acid (cDNA)

cDNA was synthesised following this programme: 65°C for 5 minutes, 42°C for
1 hour, and 72°C for 10 minutes. A 12ul mixture was prepared by adding 5ug
RNA, 1ul of of Oligo (dT)18 primer, and DEPC-H20 was added up to 12ul after
5 minutes incubation at 65°C then the tube was put on an ice box. A master
mix was added in the ice box which formed by adding 5x reaction buffer (4ul),
RiboLock RNase Inhibitor (20u/ul), 10mM dNTP Mix (1pl), and RevertAid H
Minus M-MuL V Reverse Transcriptase (200U/ul), the final volume was made to
20ul. The Mixture was heated at 42°C for 1 hour, and then heated at 72°C for

ten minutes to inactivate enzymes. cDNA was kept frozen at -20°C.

2.2.15 PCR

A master mix was formed by adding the following components. 2.5ul of 10x
buffer, 4ul dNTP 1.25mM, 0.5uM of reverse primer (100 uM stock), 0.5uM of
forward primer (100uM stock), 25mM Magnesium Chloride, 10.8 ul of deionised
H20, and 0.2ul of DNA polymerase. 23ul from master mix was added to a PCR
tube plus 2ul of cDNA. The final volume was 25l for each PCR reaction. The

following programme was applied:

95°C for 2 minutes: Initial denaturation

94°C for 1 minute: Denaturation
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Determined individually for the sequences of primers: Annealing
72 °C for 1 minute: Extension
72 °C for 10 minutes: Final extension

Followed by 30 cycles. After PCR, the samples were run in gel electrophoresis.

2.2.1.6 Agarose gel electrophoresis

Basically, 1% (w/v) agarose gel was prepared in 0.5X TBE (Tris boric acid
EDTA). It includes 1 g agarose plus 100ml TBE in 0.5X, and 0.5pug/ml ethidium
bromide. After melting, the gel was cast in a prepared plastic gel tray in order to
make the wells. After the gel had set then it was put in running tank which was
immersed with 0.5X TBE. The loading dye (reagent) was added in to each
sample DNA then the samples were loaded to each well, and 1kb plus DNA
ladder was loaded which includes bands from 100 to 1200 base pair. The
electrophoresis was set at 90V, for 1 hour. The negatively charged DNA, is
attracted toward the anode (positive charges). UV transilluminator was used to
visualise the DNA bands in the gel, and the image was documented using DC
120 digital camera.

2.2.2 Real-time quantitative polymerase chain reaction (RT-
gPCR)

Total RNA was isolated, and extracted with Trizol, and cDNA was synthesised
as described in section 2.2.1.4. After cDNA was synthesised from extracted
RNA from each sample was used as templates in gPCR using SYBR Green
PCR kit (SensiMixTM SYBR Kit, Cat.QT605).

cDNA was diluted (1:4) in d.H20. The master mix was made as follows: 10 pl of
SYBR Green | dye (SensiMixTM SYBR Kit, Cat.QT605), 2uL reverse primer
(5um), 2uL forward primer (5um), and 3ul dH20. 3 pl of diluted cDNA +17 pl
master mix to get 20ul/reaction. Real time PCR was used to quantify the
relative changes in gene expression by 2-AACt method. Derivation of 2*-AACt
has been described (Livak and Schmittgen, 2001). In 2~-AACt method,
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amplification efficiencies of target, and reference must be equal. Primer
efficiency was previously performed in our lab for the primers used in this study.

For each test sample/ the following cycling conditions were used:

Cycle: hold at 95°C 10 minutes
Cycle point: Step 1 at 95°C, hold 15 seconds
Step 2 at 55°C (Determined individually for the sequences of primers), hold 15

seconds

Step 3 at 72°C, hold 15 seconds, acquiring to Cycling
Melt (55-95°C), hold a second on the 1st step, hold 5 seconds on next steps

The number of cycles was 45 cycles.

Figure 2.1 shows the amplification of one gene in 5 samples, and each sample
was run in duplicate. Threshold line determined the cycle threshold (Ct) for
each sample. This threshold line represents the fractional cycle number at
which the amount of amplified target reaches a fixed threshold, and also it is a
dividing point that separates the auto-fluorescent signal (background levels)
from the real fluorescent signal that radiates from cDNA templates. Indirect
proportion is presented between Ct levels, and the amount of the target
template in the sample. In this amplification curve, Ct values for all 5 samples
between 8 tol5, while the non-template sample (negative control) reached the

threshold after 23 cycles.

A Negative control

Norm . Fluoro

_ | Threshold / /

u’ ‘h‘
U

/1]
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Figure 2-2: SYBR Green-based RT-gPCR amplification chart.
Black squares represent the number of cycles required by the fluorescent signal to cross the
threshold (background). Ct = cycle threshold

be

40
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All sample amplicons dissociated at the same time, and this is confirmed by

their curves which reach the peak together at 87°C (Figure 2.2).

Negative Control

Temperature=87°C

Figure 2-3: Melting curve analysis confirming specific amplification from gPCR using
SYBR green.

1 kb ladder

200
100

Figure 2-4: 1 Kb Plus DNA Ladder in 1% agarose gel electrophoresis.1 Kb Plus DNA
Ladder in 1% agarose gel electrophoresis, GAPDH size=130bp.

Semi-quantitative RT-PCR product for mRNA GAPDH. 1-J774, 2- J774+LPS 100ng/ml, 3-
J774+ LPS 1000ng/ml 4- 774+Vitamin D 2 pg/ml LPS 100ng/ml, 5- 774+Vitamin D 2 pg/mi+
LPS 1000ng/ml, 6- J774

GAPDH was used as housekeeping gene (Matouskova et al., 2014), Ct value
showed that the expression level of GAPDH was consistent and also the

samples were run on gel electrophoresis, and the results there showed
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comparable mRNA expressions (Figure 2.3). Next, for each sample was
performed GAPDH (as a house keeping gene), and a target gene (TNF-a as an
example) for stimulated, and unstimulated J774 in order know how much TNF-a
is synthesised above the normal state. Untreated control was used as calibrator
by using 2"-AACt as follows: the data is presented as the fold change in gene
expression normalized to an endogenous reference gene, and relative to
untreated control. AAC = Zero in unstimulated control sample. While, for treated
samples 2"-AACt indicates the fold change in gene expression relative to the
untreated control. Then samples were analysed as follows: mean of GAPDH
expression of each sample, and mean of CT target gene-mean of reference
gene (GAPDH) as housekeeping gene ACt sample = Ct target gene — Ct
reference gene. Then, AACt = ACt sample - ACt control. After that, the
expression of target gene normalised to reference gene, and relative to normal

condition (control) was determined by calculation of 2"-AACt
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Table 2.2 Sequences of primer pairs (with their annealing temperatures) used in this

study for mouse.

Forward sequences 5'-3

Reverse sequences 5'-3

Annealing

Temp.

GAPDH

TNF-a

IL-6
B2M

Vcam-1

TLR4

HMGC
R
PPAR-
G
SR-B1

INOS

ARG-1

SREBP
1-C
C5L2

Vitamin
DR
Insulin
R

F:CCTGGAGAAACCTGC
CAAGTATG

GGCAGGTCTACTTTGGA
GTCATTCC
GACAACTTTGGCATT
GTTCGGCTTCCCATTCT
CcC
GTCACGGTCAAGTGTTT
GGC
CGCTTTCACCTCTGCCT
TCACTACAG
TGGCAGGACGCAACCT
CTAT
GATGGAAGACCACTCG
CATT
TCCCCATGAACTGTTCT
GTGAA
GGCAGGCCTGTGAGAC
CTTTG
GGGAATCTGCATGGGC
AAC
TCTGCCTTGATGAAGTG
TGG
GCCTACCTCATAGTCCT
GCT
TACATCCGCTGCCGCCA
CCCGC
TTTGTCATGGATGGAGG
CTA

AGAGTGGGAGTTGCTGTTGAAG
TC

ACATTCGAGGCTCCAGTGAATT

CGG

ATGCAGGGATGATGT

GGTCTTTCTGGTGCTTGTCTCA

AGATCCGGGGGAGATGTCAA

ACACTACCACAATAACCTTCCG

GCTC

TGACGGCTTCACAAACCACA

AACCATTGGGTCAGCTCTTG

TGCCCGATGCCCTTGACA

GAAGCGTTTCGGGATCTGAA

GCAAGCCAATGTACACGATGTC

AGCAGCCCCTAGAACAAACA

CAGTGGTGATGGTAACTTCC

TCAGGAGTCTCATTGCC

CCTCATCTTGGGGTTGAACT
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Table 2.3 Sequences of primer pairs (with their annealing temperatures) used in this
study for human.

Forward sequences 5'-3' Reverse sequences 5'-3' Annealing
Temp.

TNF-a  GGACCTCTCTCTAATCA TCGAGAAGATGATCTGACTGCC 55
GCCCTC

PPAR- GCAGAAACCCAGAACTC ATGGCCCAGTGTAAGAAACG 55

a AGC

SREBP GGATTGCACTTTCGAAG ACTCTGGACCTGGGTGTGCAAG 55

-1C ACATG

TLR4 AGGATGATGCCAGGAT TCAGGTCCAGGTTCTTGGTTGA 55
GATGTC G

GAPDH TCCCTGAGCTGAACGG GGAGGAGTGGGTGTCGCTGT 55
GAAG

Vitamin  CTCATCTGTCAGAATGA TCACCAAGGACAACCGACG 55

DR ACTCCTTCA

Insulin  AACCAGAGTGAGTATGA CCGTTCCAGAGCGAAGTGCTT 60
R GGAT

2.2.3 Liver section staining

2.2.3.1 Haematoxylin and Eosin staining

Sections were cut by microtome at 4um, and sections were floated on 52°C in
water bath, then the sections were put on the slides. After being dried the wax
was removed by rinsing in xylene for 2-3 minutes. The slides were rinsed in
100% IMS (industrial methylated spirit) for 5 minutes (2 times) then immersed in
70% IMS for 5 minutes then washed with water for 5 minutes. Hematoxylin stain
was added to the slides for 5 minutes after that washed with water for 5 minutes
to remove the excess of stain. After using Eosin stain for 2 minutes then the
slides were rinsed in water for 50 seconds. Water was removed by rinsing in
IMS (2 times) 100% for 2 minutes. After putting in Xylene for 1 minute then the

slides were put DPX with cover slips.
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2.2.3.2 Olive green Oil

Olive green stain: Epoxy embedded, Osmicated.

Livers were sectioned on an ultra-microtome at 400nm. Sections were
transferred to glass slides, and dried at 92°C on a hot-plate. Sections were then
stained with 1% Toluidine blue in 1% borax for 30 seconds at the same
temperature (92°C). Excess stain was washed off with distilled water at room
temperature. Slides were dried briefly on the hot plate, and viewed with a X10

or X40 objectives.

2.2.3.3 Alcian blue staining

Sections of sample were cut by microtome at 4um, and sections were floated at
52°C in water bath, then the sections were put on the slides then paraffin
brought to water as above. Carmalum (differentiate in acid alcohol) was added
for 5 minutes. After slides were washed with water (running water) for 2 minutes
then Alcian blue (0.5% Alcian blue in 0.5% Acetic acid) was added by filter
syringe after that washed with water for 2 minutes (rinse in tap water). After IMS
was added for 50 seconds then Xylene 50 seconds. DPX was put on coverslips
then put on the slides. As an alternative method to increase staining intensity,
sections were stained with Haematoxylin. After slides were rinsed with water
(running water) for 10 seconds then rinsed in acid alcohol (1% HCI plus 70%
IMS). The sections were washed with water for 10 minutes then rinsed in D.W
for 10 seconds. Filtered Gomoris' 1 step Trichrome was added for 5 minutes;
rinsed in 0.2% acetic acid for 5 seconds then blotted on a filter paper. After IMS
was added for 50 seconds then Xylene 50 seconds. DPX was put on coverslips
then put on the slides.

2.2.4 Electron microscopy (EM)

Liver samples were placed in fixative buffer 2% (v/v) formaldehyde / 4% (v/v)
glutaraldehyde / 0.1M Sodium Cacodylate buffer / 2mM Calcium chloride pH
7.4) processed by Natalie Allcock, EM Facility University of Leicester according
to established methods, as follows:

Samples were washed in PBS, and stored at 4°C. After that with same washing
buffer samples were washed 3 times for 20 minutes, and then washed 2 times
for 20 minutes in distilled de-ionised water. Samples were secondary fixed with

1% Osmium tetroxide for 2.5 hours. Then samples were washed 3 times for 20
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minutes in distilled de-ionised water followed with serial alcohols, 25% Ethanol
15 minutes, 50% Ethanol 15 minutes, 75% Ethanol 15 minutes, 70% Ethanol
stored overnight at 4°C, 90% Ethanol 30 minutes, 100% Analytical Grade
ethanol for 30 minutes for 3 times. Cells were transferred through 25%, 50%,
and 75% Agar low viscosity resin in propylene oxide, 3 times for 10 minutes,
followed by 100% Agar Low Viscosity Resin for 30 minutes, and again for
overnight after that Fresh Agar Low Viscosity Resin was added for 3 hours 2
times. Finally, the samples were embedded, and polymerised at 60 for 16
hours. Samples sectioned were embedded using a Reichert Ultracut S
ultramicrotome. Then samples sections of approximately 90 nm thickness were
cut from each sample, and were collected onto copper mesh grids after that
were counterstained with 2% Uranyl Acetate and Reynold’s Lead citrate.
Samples were viewed on the JEOL 1400 TEM with an accelerating voltage of
100kV. Images were captured using Mageview Il digital camera with iTEM
software.

2.2.5 Immunohistochemistry
2.2.5.1 Anti-F4/80 and C5L2 antibodies

Liver or adipose sections were cut at 4um, and de-waxed by rinsing in xylene
for 5 minutes (2 times). The slides were rinsed in 100% ethanol for 5minutes (2
times) then immersed in 95% ethanol for 5Sminutes. Slides were rinsed 70%
ethanol for 5minutes then washed with water for 5 minute. To do antigen
retrieval, the sections were put in in 10mM citrate buffer for 20 minutes in a
water bath at 95°C, and then they were put in 10mM citrate buffer at room
temperature for 20 minutes. Later, the slides were washed with 10% H20: for
15 minutes, and then they were washed with 1xPBS (5 times, 5 minutes. To
block endogenous peroxidase activity sections, 30 % of Hydrogen peroxide was
diluted in PBS (1ml from hydrogen peroxide was mixed with 9 ml PBS) then
added to the sections for 15 minutes then washed 3 times (5 minutes each) in
1xPBS. Blocking in goat serum 10% for 1 hour (the serum that secondary
antibody raised in) then washed for 5 minutes. Primary antibody (F480: RAT
anti mouse F4/80 Bio Rad) (C5L2: rabbit polyclonal antibody Sc-368572,
Santacruz Biotechnolog) (1:100 dilution) (was added for 1 hours in room

temperature or 24 hours in cold room then washed 3 times (15 minutes each) (it
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was performed with magnetic bar in stirring machine). Secondary antibody
(Goat anti Rat Santacruz for F480) (Poly clonal swine Anti Rabbit
Immunoglobulin HRP, Dako) (1:200 dilution) was added for 30 minutes in room
temperature then washed 3 times (15 minutes each). DAB Substrate was
prepared, and added to sections for 10 minutes. The substrate was prepared by
(0.2 M Tris/HCI-pH 7.5 10 ml which was prepared by mixing 2 ml Tris HCI with
8ml H20), 10mg DAB (1mg/ml DAB), and (10 pl H202). The sections were put
in 70%, 90%, 100% ethanol, and 100% Xylene for 5Sminutes each. The sections
were added DPX with cover slips.

2.2.5.2 Anti-C3, CD68, and iNOS antibodies

Liver sections were cut by cryostat (freezing microtome) at 7um. Slides were
prepared after being dried for 10 minutes at room temperature, then the
sections were fixed in (Acetone-methanol 1:1) for 10 minutes. The slides were
rinsed in 1:10 H202 in methanol (10 ml H202 with 90ml methanol) for 10
minutes. The slides were rinsed in 70% IMS (2 minutes). The rest of the
procedure for CD68, C3, and iINOS antibodies was same as above, except
primary, and secondary antibodies concentration were shown in the Table
below (Table 2.4).

37



Table 2.4 Primary and secondary antibodies for immunohistochemistry.

Primary antibody Dilution Secondary antibody Dilution
Rat anti-mouse F4/80 1:100 Goat anti-rat IgG 1:200
C5L2: rabbit polyclonal antibody 1:100 Poly clonal swine Anti Rabbit 1:200
(Sc-368572), (Sc-368572), Santa Immunoglobulin HRP, Dako

Cruz Biotechnology.

Anti-C3 antibody 1:100 Goat anti-Rat IgG 1:200
Abcam (ab11887)

iNOS 1:100 Polyclonal swine anti-Rabbit 1:100
Thermo Fisher Dako

Catalog#: PA3-030A

Table 2.5 Primary, and secondary antibody for Western blotting.

Primary antibody Dilution Secondary antibody Dilution
C5L2: rabbit polyclonal 1:1000 Polyclonal swine Anti Rabbit 1:2000
antibody (Sc-368572), Immunoglobulin HRP, Dako.

Santacruz Biotechnology.

B-actin:  mouse monoclonal 1:5000 Goat anti-mouse antibody 1:10000
beta actin. Life technologies-Molecular probe.

2.2.6 Immunofluorescence for C5L2 antibody

Sections were cut by cryostat (freezing microtome) at 7um. Sections were fixed
in (acetone-methanol 1:1) for 10 minutes. The slides were fixed in acetone, and
methanol (1:1) for 10 minutes. They were washed with 1xPBS (3 times, 5
minutes) to remove the fixative. The 10% bovine serum albumin (BSA) were
added for each section to block non-specific labelling, and incubated for 30
minutes at room temperature. The primary antibody (C5L2 rabbit polyclonal
antibody) was added to each section, and incubated at room temperature for
1h. After the incubation period, the sections were washed with 1xPBS (3 times,
10 minutes). Secondary, antibody (anti-goat anti-rabbit Immunoglobulin FITC
conjugated, Alexa Fluor 488, Thermo Fisher; 1:200 dilution) was added for 30
minutes in room temperature then washed 3 times (15 minutes each).
Fluoroshield Mounting Medium with DAPI was added to each section and
covered with coverslips. Finally, the slides were viewed under the confocal

microscope (OLYMPUS microscope, and the software’s name is FLUOVIEW).
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2.2.7 Western blotting

2.2.7.1 Pierce™ 660nm protein assay

Pierce™ 660nm protein assay is a colorimetric method that is used to measure
protein concentration. To determine the protein concentration, it was necessary
to make a protein standard curve. Bovine serum albumin (BSA), 2000 pg/ml
was used as a standard protein. A range of BSA concentrations were prepared
for the standard curve (2000, 1500, 1000, 750, 500, 250, 125, 50, 25 and 0
pg/ml) by dissolving in PBS. A microplate 96 well was used to perform the
procedure, to each well was added 150 pl Pierce Assay reagent, and 10ul of
the dilution, protein that was of unknown concentration and a blank (PBS only).
The microplate was covered, and put on plate shaker for 1 minute, and then
incubated for 5 minutes at room temperature; it was read at 660 nm using
spectrophotometer (Thermo Scientific, MULTISKAN FC). To know protein
concentration a standard curve was made by plotting the optical density
readings against the known concentration.

2.2.7.2 Adipose lysate preparation

The method of extracting proteins from fat tissue was developed by Dr S.
Byrne: 400 mg epidydimal fat pad were homogenised in 400 microbutan-1-ol:
Diisopropylether (2:3) with added Oil red O (take upper, red phase), and 200
microl PBS using a glass homogeniser. After centrifugation (1200 xg 5 min), the
top, pink phase is discarded, more butan-1-ol: with added Oil Red O to colour
the organic phase and, the tube shaken, centrifuged, the top phase discarded.
This procedure is repeated twice, and needs to occur in the fume hood. 100 pl
sample buffer was mixed with 100 pl protein sample then the samples were
heated at 95°C for 3 minutes. Each well was loaded with 20 pl sample (4 mg
/ml).

2.2.7.3 Liver lysate preparation

One hundred milligram of liver was added 1ml cell/tissue extraction lysis buffer
(180 mMTris/HCL PH 6.8, 29% (v/v) glycerol, 5.7% (w/v) SDS, bromophenol
blue, and dH20). The samples were centrifuged then the supernatant was
collected into a new tube. Reducing sample buffer was prepared by adding
900ul Laemmli to 100ul 1M dithiothreitol (DTT). 200ul sample buffer was mixed
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with 200pul protein sample then the samples were heated in 95°C for 3 minutes.

Each well was loaded with 20l sample.

2.2.7.4 Preparation of SDS-PAGE gels

12% SDS-PAGE gel was prepared as described in Table 2.6. After the gel was
poured between glass plates, the gel polymerised then stacking gel was added
in to the top gel. 5% stacking gel was prepared by mixing H20 2.1ml with 30%
acrylamide mix 0.5ml, 1.5M Tris (pH 8.8), 380ul, 10% SDS 30ul, 10%
ammonium persulfate 30ul, and TEMED 3ul. Then the samples were heated in

95°C for 3 minutes. Each well was loaded with 20pl sample.
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Table 2.6: Preparation of buffers for Western blot.

Solution Preparation

2x Loading Buffer 4ml dH20, (1ml) 0.5M pH 6.8 Tris-HCL, 800yl
Glycerol, 1.6ml 10% sodium dodecyl sulfate
(SDS) (Fisher) (w/v) in H20, Bromophenol
blue, and 200mM Dithiothreitol (DTT) (Sigma).

SDS-PAGE gel 12%  Resolving  Buffer: H20, 30%
Acrylamide/Bis solution, 1.5M pH 8.8 Tris,
10% SDS, 10% Ammonium persulfate (APS)
(Sigma A-3678), and 10ulTEMED (Sigma
T9281). 5% Stacking Buffer: H20, 30%
Acrylamide/Bis solution, 1M pH 6.8 Tris,
10%SDS, 10% APS, and 6ul TEMED (Sigma

T9281).

10 x Running buffer 30g Tris-Base, 1449 Glycine (Fisher), and 10g
SDS in 1L dH20 (for 1x Running buffer diluted
1:10 in dH20).

1 x Blotting Buffer 5.99 Tris-Base, 2.9g Glycine, 100ml Methanol,

and 3.4ml 10%SDS, and 1L dH20.

The protein samples were prepared for SDS-PAGE analysis by mixing 20ug
from each sample with 2x loading buffer (Table 2.6) 1:2 dilution into new
reaction tubes, and heated at 95C" for 5 minutes to denature the protein to the
primary structure for protein. Then the samples were centrifuged in 16,000 xg
for 5 seconds to remove insoluble debris, and the supernatants were used.
After that the protein samples were run in 12% SDS-PAGE gel with a 5yl
protein marker in 1x running buffer 60mA for 1-1.5 hour (Table 2.6). The
separated proteins on the gel were electrophoretically transferred to a methanol
activated PVDF membrane (GF Heath care Life  Science,
AmershamTmHybondTm 0.2um PVDF, 1060006), using 1x blotting buffer
(transfer buffer). After blotting at 250mA for 1hour, the membrane was washed
in PBS, and blocked with 20ml of 5% (w/v) dried skimmed milk in PBS for 2
hour on the shaker at RT. Then the membrane was washed three times in PBS-

0.05% (v/v) Tween for 10min with shaking. After that, the membrane was
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probed with the primary antibody (Table 2.5) diluted in 5% skimmed milk in PBS
(w/v) overnight at 4°C, washed as above, and probed with a second antibody
(Table 2.5) diluted in 5% skimmed milk in PBS (w/v) for 2 hour maximum at RT
with shaking. Finally, the membrane was washed as described previously, and
the face of the membrane exposed to Enhanced chemiluminescence (ECL)
(Pierce™ ECL Western Blotting Substrate, 32106) reagents, wrapped in cling
film, and exposed to x-ray film (Bio-Max Light, Sigma) in a light-tight cassette.
Then the film was submerged in developing solution for 2min until antibody-
reactive bands appeared, then were washed in water, then submerged in a
Fixer solution, washed in water again, and then the film was left to dry.

2.2.7.5 SDS-PAGE gels staining

Proteins separated in SDS-PAGE gel were detected by staining the gel with
Coommassie brilliant blue R-250 (3g stain in 100ml acetic acid, 450ml IMS,
450ml H20) then the stain was removed by de-staining solution (50ml IMS,
100ml acetic acid, 850ml H20).

2.2.8 Investigation of iron storage by Prussian blue staining
2.2.8.1 Splenocyte preparation

Spleen was placed into a reaction tube of RPMI medium, then spleen was
placed into the cell strainer. The plunger end of the syringe was used to mash
the spleen through the cell strainer into a 50ml falcon tube. Cell strainer was
rinsed with 5mL RPMI medium. Cell suspension was transferred to 15ml tube,
and centrifuged at 300 xg for 5 minutes. Supernatant was discarded, and pellet
was re-suspended in 1mL RBC lysis buffer per spleen (0.15M NH4CI, 1 mM
KHCO3, EDTA 0.1mM), followed by incubation at room temperature for ~1
minute. 5mL RPMI was added, and centrifuged as described in the previous
step. Supernatant was discarded, and pellet re-suspended in 1mL RPMI
medium per spleen. Hemocytometer was used to count splenocyte viable cells
by adding 10uL cell suspension in trypan blue. Splenocytes with the media
were placed in six well plate, and coverslips were inserted into the wells, after

24 hours Prussian blue staining was performed.
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2.2.8.2 Prussian blue staining

Cells were rinsed twice with PBS then fixed 5 minutes in 4% paraformaldehyde
in PBS, equal parts of 20% HCI and 10% potassium ferrocyanide was mixed,
and immediately performed before starting. Slides were immersed in this
solution for 20 minutes then washed three times in distilled water. Counter stain
step was performed by using nuclear fast red for 5 minutes. Slides were rinsed
in distilled water two times. The sections were immersed in 95% alcohol, and 2
changes of 100% alcohol. Xylene, 2 changes, 3 minutes each. Finally, slides

were placed by DPX with cover slips.

2.2.9 Limulus amebocyte lysate (LAL) endotoxin measurement

LAL is a quantitative method to detect bacterial endotoxin. LAL was lyophilised
lysate prepared from amebocytes in horseshoe crab. The activation of
proenzymes in the modified LAL is catalysed by bacterial endotoxin, and the
splitting of p-Nitroaniline (PNA) from the colourless substance is catalyzed by
the activated pro enzyme. The rate of activation, and colour intensity is relative
to the concentration of endotoxin amount.

A 96-well microplate well was placed in a heating block for 10 minutes at 37°C.
50ul standard, and unknown samples were added to the microplate wells then
the plate was covered with the lid. After incubation for 5 minutes at 37°C, 50yl
of LAL was added to each well, the plate was covered with the lid then it was
gently shaken on a plate shaker for 10 seconds. After incubation for 10 minutes
at 37°C, 100 pul of substrate solution was added to each well, the covered plate
with the lid was gently shaken on a plate shaker for 10 seconds, and incubated
for 10 minutes at 37°C. 50 pl of a stop reagent (%25 acetic acid) was added in
to the plate, covered with the lid, and put on the plate shaker for 10 seconds
then incubated at 37°C for 10 minutes. The plate absorbance was measured by
a plate reader at 405-410nm. A standard curve was made in EU/mL between
blank-corrected absorbance against concentration to know unknown
concentration of endotoxin samples. Activity of samples was expressed as

IE/ml with the help of the standard curve.
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2.2.10 Glucose measurement

Blood glucose was measured by using glucose meter. Approximately 5ul of
serum was put on testing strip after it was inserted in to the blood glucose meter
then the result was shown in 5 seconds. Serum glucose was measured by
using glucose meter. To ensure a good result OneTouch® Ultra control solution
was used, this is performed as following: shaking it, and first drop was
discarded then a drop inserted in to testing strip. In order to check whether it is
working or not, human plasma was checked twice then our serum samples
were tested. Approximately 2pl serum sample was pipetted on testing strip after
it was inserted into the blood glucose meter then the result was shown in 5

seconds.

2.2.11 Insulin ELISA test

Sandwich ELISA method was performed by utilizing the wide range mouse
insulin immunoassay kit (catalogue number: orb54821). 5ul of standard or
sample was added in duplicate to its corresponding well without sample dilution.
100ul of 1x detection antibody solution was added per well. The plate was
sealed with a plate cover after incubation for 1 hour and half at room
temperature then shaking the plate at 600rpm on a horizontal micro-plate
shaker. The content was discarded, and the plate was tapped on a clean
paper towel to remove residual solution. 300ul of 1x wash buffer was added
to each well. The well plate was incubated at room temperature for 20 seconds.
To remove residual wash buffer, the 1x wash buffer was discarded. The
washing step was repeated for a total 4 washes. The rest steps as follows: 100
ul of the provided substrate solution was added to each well for 15 minutes at
room temperature. 100ul of stop solution was added to each well. To ensure
thorough mixing, gently tap the plate frame for a few seconds. The well plate

was measured at 450nm absorbance.
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2.2.12 Liver function tests

2.2.12.1 Alanine transaminase activity (ALT)

ALT assay (Abcam: catalogue number 105134) was used according to the
manufacturer’s instructions. Serum samples were diluted in 1:5 dilution, and
also standard curve was prepared from Onmol/well to 10nmol/well. 20uL of
standard dilutions or unknown samples were performed in duplicate, then 100
pL of the reaction mix was added. Concentration of pyruvate in the unknown
samples was calculated as follows:

ALT activity = (B /AT x V) D.

ALT activity= nmol/min/mL = mU/mL.

B = Amount of pyruvate from pyruvate standard curve.

AT = reaction time (min).

V= original sample volume added into the reaction well (mL).

D = sample dilution factor.

2.2.12.2 Aspartate Aminotransferase activity (AST)

AST assay (Abcam: catalogue number 105135) was used according to the
manufacturer’s instructions. Serum samples were diluted in 1/5 dilution, and
also standard curve was prepared from Onmol/well to 10nmol/well. 50uL
standard dilutions for standard wells, and 50uL samples for sample wells were
performed in duplicate then reaction mix 100 pL was added. Concentration of
glutamate in the test samples was calculated:

AST activity =B / (T2 — T1) x V = nmol/min/ml = mU/ml Where:

B is the glutamate amount (nmol) calculated from the standard curve.

T1 is the time of the first reading (A1) (min).

T2 is the time of the second reading (A2) (min).

V is the original sample volume added into the reaction well (ml).
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2.2.13 Adiponectin ELISA test

Serum samples were required to be diluted at least 2000-fold in Calibrator
Diluent RD5-26 (1:4) (20ml of calibrator diluent RD5-26 + 60ml dH20). A
suggested 2000-fold dilution was performed by creating a 100-fold dilution of 10
ML of sample and 990uL of Calibrator Diluent RD5-26 (1:4). Further dilute 20-
fold with 10uL of the 100-fold diluted sample and 190 pL of Calibrator Diluent
RD5-26 (1:4). Standard was prepared from 0.16ng-10ng. 50uL of Assay Diluent
RD1W was added to each well then the diluted standard, and serum samples
were added to the wells in duplicate, the rest steps are shown in manufacturer’s

instructions of ELISA Mouse Adiponectin/Acp30, R&D systems.

2.2.14 Malondialdehyde (MDA) assay

MDA assay was performed according to manufacturer’s instructions (ab118970
Lipid Peroxidation). Serum samples were diluted as follow: 10pL serum was
mixed gently with 500uL of 42mM H2SO4 in an eppendorf tube then 125pL of
phosphotungstic acid solution was added. Standard dilutions were used from
Onmol-2nmol. MDA-TBA adduct was made by adding 600 pL of TBA, 200uL
standard, and 200uL sample. 200uL of diluted standard or serum samples were
added in duplicate. Concentration of MDA in the unknown samples was
calculated as follows:

Concentration of MDA = (A/ml) x4 x D

A = Amount of MDA in sample from the standard curve (nmol).

ml = Original serum volume used in ml.

4 = correction for using 200 pL of the 800 pL reaction mix.

D = Sample dilution factor.
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2.2.15 Pro-inflammatory parameters
2.2.15.1 IL-6 ELISA

Murine IL-6 ELISA kit (Peprotech) was used according to manufacturer’s
instructions. To prepare the ELISA plate, capture antibody was diluted with PBS
to a concentration of 2ug/ml, and immediately 100ul were added to each well
(41ug of antigen —affinity purified goat anti IL-6 and 0.5mg D-mannitol) in 210l
H20. It was done in 96-well plate in 1:100 dilution (1ml of stock and 99ml PBS).
The plates were sealed, and incubated overnight at room temperature.
Subsequently, the plate wells were aspirated to remove liquid, and washed 4
times using 300ul of wash buffer (0.05% (v/v) Tween-20 in PBS) per well. After
the last wash, the plates were inverted to remove the residual buffer, and were
blotted on paper towels. Then 300ul of the block buffer (1% (w/v) BSA in PBS)
were added to each well, and incubated for at least 1 hour at room temperature
after that the plate was aspirated, and washed 4 times.

Murine IL-6 standard was diluted starting from 4 ng/ml to zero, in diluent (0.05%
(v/v) Tween-20, 0.1% BSA in PBS). Then immediately, 100ul of standard or
sample were added (serum samples was diluted 1/10) to each well in duplicate,
and incubated at room temperature for at least 2 hours. The plate was
aspirated, and washed 4 times by using wash buffer. Biotinylated detection
antibody was diluted in diluent to a concentration of 0.25ug/ml, and then 100pl
were added per well, and incubated at room temperature for 2 hours. After that,
the plate was aspirated, and washed 4 times using a wash buffer. 5.5ul of
Avidin-HRP conjugate was diluted 1:2000 in diluent for total volume of 11ml,
and 100ul were added per well, and incubated 30 minutes at room temperature.
The plate was aspirated, and washed 4 times, and 100yl of substrate solution
ABTS, 2, 2’-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (Sigma) were
added to each well, and incubated at room temperature for colour development.
After colour developed stopping solution (Sulfuric acid 6.6ml and d.H20 4ml).
Colour development was monitored using an ELISA plate reader (680

Microplate Absorbance Reader) at 405 nm wavelength.
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2.2.15.2 TNF-a ELISA test, supernatant and mice serum

Murine TNF-a ELISA kit (Peprotech) was used according to manufacturer’s
instructions. To prepare the ELISA plate, capture antibody was diluted with PBS
to a concentration of 2ug/ml, and immediately 100ul were added to each well
(41pg of antigen —affinity purified goat anti TNF-a +0.5mg D-mannitol) in 210ul
H20. The 96 well plates were sealed, and incubated overnight at room
temperature. Subsequently, the plate wells were aspirated to remove liquid, and
washed 4 times using 300ul of wash buffer (0.05% (v/v) Tween-20 in PBS) per

well.

After the last wash, the plates were inverted to remove the residual buffer, and
were blotted on paper towels. Then 300ul of the blocking buffer (1% (w/v)
Bovine Serum Albumin (BSA) in PBS) were added to each well, and incubated
for at least 1 hour at room temperature. After that the plate was aspirated, and
washed 4 times.

TNF-a standard was diluted starting from 2 ng/ml to zero, in diluent (0.05% (v/v)
Tween-20, 0.1% BSA in PBS). Then immediately, 100l of standard, and
supernatant samples were added to each well (serum was 1/5 dilution) in
duplicate, and incubated at room temperature for at least 2 hours. The plate
was aspirated, and washed 4 times by using wash buffer. Detection antibody
was diluted in diluent to a concentration of 0.25ug/ml, and then 100ul were
added per well, and incubated at room temperature for 2 hours. After that, the
plate was aspirated, and washed 4 times using a wash buffer. 5.5ul of Avidin-
HRP conjugate was diluted 1:2000 in diluent for total volume of 11ml, and 100yl
were added per well, and incubated 30 minutes at room temperature. The plate
was aspirated, and washed 4 times, and 100l of substrate solution ABTS, 2,2'-
azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (Sigma) were added to each
well, and incubated at room temperature for colour development. After colour
development, stopping solution (Sulfuric acid 6.6ml+ D.W 4.4ml) was added,
and plate was read using an ELISA plate reader (680 Microplate Absorbance

Reader) at 405 nm wavelength.
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2.2.16 C5a ELISA level

To prepare the ELISA plate, capture antibody (purified rat anti-mouse C5a (152-
1486 BD Pharmingen) was diluted with PBS to a concentration of 10ug/ml, and
immediately 100ul were added to each well (96 well plate). The plates were
sealed, and incubated overnight at room temperature. Subsequently, the plate
wells were aspirated to remove liquid, and washed 5 times using 300ul of wash
buffer (0.05% (v/v) Tween-20 in PBS) per well.

After the last wash the plates were inverted to remove the residual buffer, and
were blotted on paper towels. Then 200ul of the block buffer (1% (w/v) Bovine
Serum Albumin (BSA) in PBS) were added to each well, and incubated for at
least 1 hour at room temperature after that the plate was aspirated, and washed
5 times. After that the plate was washed as above.

Standards (purified recombinant mouse C5a; BD) was diluted to 60, 30, 15, 7.5,
3.7, 1.87, 0.935, 0.467, and Ong/ml in dilution (0.05% (v/v) Tween buffer (v/v)
20, 1% (w/v) BSA in PBS). Then immediately, 100ul of standard or sample were
added (serum samples were diluted 1/20) to each well in triplicate, and
incubated at room temperature for at least 2 hours. The plate was aspirated,
and washed 5 times by using wash buffer. Detection antibody (purified
biotinylated rat anti-mouse Cba (152-1486 BD Pharmingen) was diluted in
diluent to a concentration of 2ug/ml, and then 100l were added per well, and
incubated at room temperature for 2 hours. After that, the plate was aspirated,
and washed 5 times using a wash buffer. One hundred microliters of
Streptavidin-peroxidase conjugate (from Sigma-Aldrich) diluted 1:100 was
added to each well followed by incubation for 30 minutes. The plate was
aspirated, and washed 5 times. Then 100yl of substrate solution (TNB, R&D,
and USA) was added to each well. The plate was incubated at room
temperature for colour development. After that, stop solution was added, and

the results were obtained by reading absorbance at 450nm.
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2.2.17 Lipid measurements

2.217.1 Triglyceride quantification assay for mouse liver

100 mg liver tissue was homogenized with 1mL of 5%NP-40/ddH20 by using a
Dounce homogeniser. Samples were heated to 80 — 100°C in a water bath for 5
minutes or until the NP-40 became cloudy, then were cooled down to room
temperature. The heating was repeated to solubilize all triglyceride. Centrifuge
for 2 minutes at top speed using a microcentrifuge to remove any insoluble
material. Samples were diluted 10-fold with ddH20. Standard wells were added
50uL standard dilutions, and 50uL samples. Lipase 2uL was added to all wells
(standard and samples) then incubated for 20 minutes at room temperature to
convert triglyceride to glycerol, and fatty acid. 50uL of Reaction Mix was
prepared, and added for each reaction by using colorimetric reaction mix
(Triglyceride Assay buffer 46 pl, Triglyceride Probe* 2ul, Triglyceride Enzyme
Mix 2pul). After adding 50uL of Reaction Mix, all samples were incubated at
room temperature for 60 minutes. The plate was read on a microplate reader at
OD 570 nm.

After applied sample readings to the standard curve Triglyceride concentration
was measured as follow: Concentration = (Ts/Sv) * D

Where:

Ts = amount of Triglyceride (nmol) from standard curve.

Sv = volume of sample (uL) added in sample wells.

D = sample dilution factor.

2.2.17.2 Measurement of serum triglyceride using colorimetric assay
kit

10 pl of triglycerides standard were added (tubesl1-8) per well on the 96 well
plate in duplicate. 10ul of samples (serum) were added in wells in duplicate.
The reaction was initiated by adding 150ul of diluted enzyme buffer solution to
each well. The plate was covered, and incubated for 15 minutes at room
temperature. The color absorbance was read at 550nm using plate reader. After
applying sample readings to the standard curve by using prism pad, triglyceride

concentration (mg/dl) was measured.
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2.2.18 NEFA Measurement

Extraction methods are widely used for the colorimetric determination of non-
esterified fatty acids (NEFA) in serum. NEFA are converted to their copper salts
that are extracted into an organic solvent. The salts are then complexed with a
dye for the purpose of colorimetric measurement. Alternatively, extracted NEFA
are titrated with standard alkali to an acid base indicator endpoint.

The Wako enzymatic method relies upon the acylation of coenzyme A (CoA) by
the fatty acids in the presence of added acyl-CoA synthetase (ACS). The acyl-
CoA thus produced is oxidized by adding acyl-CoA oxidase (ACOD) with
generation of hydrogen peroxide, in the presence of peroxidase (POD) permits
the oxidative condensation of 3-methy-N-ethyl-N(B-hydroxyethyl)-aniline
(MEFA) with 4-aminoantipyrine, to form a purple coloured adduct which can be
measured colorimetrically at 550nm. 7yl of serum was used (DAKO
instructions). Colour reagent working solutions were prepared according to the
package insert instructions. The NEFA standard was preparing provided
standard diluted with distilled water. 7pl of mice serum, and standards were
used in duplicate in to each well. 200ul of colour reagent A was added, mixed
well, and incubated at 37°C for 5 minutes. The absorbance of each well was
measured at 550nm (Absl) (sample blank). After 100 ul of colour reagent B
solution was added, mixed, and incubated at 37°C for 5 minutes then measured
at 550nm (Abs2). The final reading was obtained by subtraction first reading
from the second reading. Absorbance versus concentration was plotted to

construct the calibration curve.

2.2.19 Measurement of glycated haemoglobin in mouse
serum (Ghb A 1C)

The 50yl of standard, and sample serum (1:10 dilution) were added to each 96
well plate. 50ul HRP-conjugate (1x) was added to each well immediately (not to
Blank well). The plate was mixed with the pipette, and shaken gently for 60
seconds. The plate was incubated for 60 minutes at 37°C.

Each well was aspirated, and washed, four times. Each well was washed with
wash Buffer. The plate was aspirated, finally inverted, and blotted against clean

paper towels. 90ul of TMB substrate was added to each well. Incubate for 20

51



minutes at 37°C. The 50ul of Stop solution was added to each well. A
microplate reader 450 nm was used to read the optical density.

2.2.20 Vitamin D serum mice measurement

Vitamin D (CUSABIO. catalog number: CSB-EL006401MO). The 50ul of
standard, and sample serum (1:50 dilution) were added to each 96 well plate.
50ul HRP-conjugate (1x) was added to each well immediately (not to Blank
well). The plate was mixed with the pipette, and shaken gently for 60 seconds.
The plate was incubated for 60 minutes at 37°C.

Each well was aspirated, and washed, four times. Each wells were washed with
wash Buffer. The plate was aspirated, finally inverted, and blotted against clean
paper towels. 90ul of TMB substrate was added to each well. Incubate for 20
minutes at 37°C. The 50ul of stop solution was added to each well. A

microplate reader 450 nm was used to read the optical density.

2.2.21 Complement activation

2.2.21.1 Classical and alternative complement activation pathway

The procedure was performed according to Kotimaa et al., (2015). Human
purified IgM (BIORAD) was coated at 1ug/ml in CB buffer (1.5g of Na2COs +
2.9g of NaHCOs to 1 liter of D.W) (diluted 1:1000) for classical (CP) pathway.
LPS (Lipopolysaccharide from Salmonella enteriditis) S form (HyCult
Biotechnology) was coated at 1ug/ml in PBS/10 mM MgCl: (diluted 1:1000) for
alternative pathway (AP). The final volume was 100yl per well. The Maxisorp
plates were incubated for 16h at room temperature. Then, the wells were
washed with 200 pl of PT buffer (200 ul of 0.05% Tween 20 to 400 ml of PBS)
(3times, 5minutes). The AP was not blocked, while the CP was blocked with
150ul of PB buffer (1g of BSA to 100 ml of PBS) per well for 90 minutes at
37°C. Then, the wells were washed with 200ul of PT buffer per well (3times,
5minutes). Classical pathway serum dilution into BVB++buffer (Veronal buffer,
0.5mM MgClz, 2mM CaClz2) AP in to BVB++/MgEGTA (5mM MgClz2, 10 mM
EGTA).
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The concentrations of normal mouse serum (NMS) were added (100ul per well)
in triplicates on the Maxisorp plates, and incubated for 1h at 37°C, then the
wells were washed with 200ul of PT buffer per well (3times, Sminutes). After
washing, 100ul of rabbit anti-complement component 9 polyclonal antibody
(MyBioSource) (concentration 0.2mg/ml; diluted 1:200 with D.W.) was added
per well, and incubated at 37°C for 1h. Then wells were washed with 200ul of
PT buffer per well (3times, Sminutes). After washing, 100ul of polyclonal swine
anti-rabbit-lgG HRP antibody (Dako) (concentration 1mg/ml, diluted 1:200 with
D.W.) was added per well, and incubated at 37°C for 1h. Then the wells were
washed with 200ul of PT buffer per well (3times, 5Sminutes). Later, 100ul of the
coloured substrate (TMB) (Sigma) was added per well, and left at room
temperature for 5-10 minutes, and then 50pl of the stop solution was added per
well to stop the reaction. Finally, the result was read immediately by using
ELISA reader TECAN Magelian for F50. The activation of Classical pathway,
and alternative pathway was determined by using normal mouse serum (NMS),
and heated normal mouse serum (56°C for 30minutes), to see C59 complement
activation levels for both pathways in vitro. The percentage was calculated as
follow: serum complement activation concentration /normal mouse serum)*100,

for each mouse sample.

2.2.21.2 Human Classical, and Alternative complement activation
pathway

Following protocol of serum mice CP, and AP complement activation pathway
procedure as mentioned previously except antibodies. Mouse monoclonal
IgG28 C5b-9 (aEl1ll) Sc-58835 (Santa Cruz Biotechnology) was used as
primary antibody (1:100). Poly clonal goat anti mouse Immunoglobulins (HRP)
(Darko) was used as secondary Antibody (1:200).

2.2.21.2.1 Set up experiment for human serum complement activation

The concentration was chosen as follow: different serum concentrations were
used (1:5, 1:10, 1: 20, 1:50, 1:100, 1:200, 1:400, 0) for both classical, and
alternative pathway serum human samples. Serum dilution for human samples:

1:20 for classical pathway, 1:5 for Alternative pathway showed the highest
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activity. Based on these normalisation procedures, human serum samples

dilutions were performed for CP, and AP complement activation test.

2.2.22 Procedure of Mouse XL cytokine array kit

200 mg mouse thigh muscle was homogenised in 1% (v/v) Triton X-100, (n=2),
each sample includes two mice muscles pooled in to one tube. After, the
samples were centrifuged then the supernatant was collected in to a new tube.
Protein concentration was measured by Nano drop. The concentration was
adjusted to 20mg/ml. 2ml of array buffer 6 (block buffer) was added into each
well of the 4-Well Multi-dish. Membranes were placed in separated wells, and

facing upwards.

After one hour incubation on a rocking platform shaker, samples were prepared
by adding up to 1mL of each sample to 0.5mL of Array Buffer 4 in separate
tubes, then sample volumes were adjusted to a final volume of 1.5 mL with
Array Buffer 6. Array Buffer 6 was aspirated from the wells of the 4-Well Multi-
dish, and the prepared samples were added. The lid was placed on the 4-Well
Multi-dish, then overnight incubation was performed at 2-8°C on a rocking
platform shaker. The membranes were removed, and placed in individual
plastic containers with 20 mL of 1X Wash Buffer. The 4-Well Multi-dish was
rinsed with distilled water, and dried. Each membrane was washed with 1X
Wash Buffer for 10 minutes on a rocking platform shaker (2 times for 3 washes).
For each array, 30 pL of Detection Antibody Cocktail was added to 1.5 mL of 1X
Array Buffer 4/6 of diluted Detection Antibody Cocktail (1.5mL per well), and
was pipetted into the 4-Well Multi-dish. Each array was removed from its wash
container. The array was returned to the 4-Well Multi-dish containing the diluted
Detection Antibody Cocktail, and it was covered with the lid. After one hour
incubation at room temperature on a rocking platform shaker, the arrays were
washed as described in previous steps. 2.0 mL of 1X Streptavidin-HRP was
pipetted into each well of the 4-Well Multi-dish, then each membrane was
removed from its wash container. After the membranes were returned to the 4-
Well Multi-dish containing the 1X Streptavidin-HRP, wells were covered with the
lid, and incubated for 30 minutes at room temperature on a rocking platform

shaker. Membranes were washed as described in previous steps. Each
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membrane was removed from its wash container, it was drained by blotting on
to paper towel. Afterwards, 1.0 mL of the prepared Chemi Reagent Mix (for 1
minute) was added onto each membrane then covered with the top sheet of the
plastic sheet protector. After the excess Chemi Reagent Mix was squeezed out,
then membranes were left on the bottom plastic sheet protector. To smooth out
any bubbles, the membranes were covered with plastic wrap. Membranes were
exposed to X-ray film for 1-10 minutes. Then the film was submerged in Develop
solution for 2min until antibody-reactive spots appeared, washed in water, and

submerged in solution, then washed in water and left to dry.

2.2.23 Microarray for adipose tissue

The method of extracting proteins from fat tissue was developed by Dr S.
Byrne: 400 mg epidydimal fat pad were homogenised in 400 pl, Butan-1-ol:
Diisopropylether (2:3) with added Oil Red O to colour the organic phase and
200 microl PBS using a glass homogeniser. After centrifugation (1200 xg 5
min), the top, pink phase is discarded, more, Butan-1-ol: Diisopropylether, the
tube shaken, centrifuged, the top phase discarded. This procedure is repeated
twice, and needs to occur in the fumehood. After a final spin, the aqueous
phase was transferred to a fresh tube. Protein was concentration was
measured by Nano drop (Thermo scientific). After 100ul sample buffer was
mixed with 100pl protein sample then the samples were heated in 95°C for 3
minutes. Each well was loaded 20ul sample (4mg /ml of each well). 2ml of
array buffer 6 (block buffer) was added into each well of the 4-Well Multi-dish.
Membranes were placed in separated wells, and facing upwards, the reset
procedure as above 2.2.21. ImageJ2 software was used to analyse the data by
measuring the pixel densities on developed X-ray film for each spot that reflects
the different protein expression levels. The density of each protein, reference
spots (positive control), negative control (PBS) and background signal (clear
area of the array (no antibody) spots were measured in duplicate and the mean
average was calculated. Then the average of the background density was
subtracted from each spot. Finally, each spot was normalised with the reference
spot and the graphs were plotted to compare the signal of the proteins in the

two samples:

The mean of each spot
The mean of the reference
spots (positive control) 55




2.2.24 Detection of apoptosis by cytochemical
method

Using ApopTag® In Situ Apoptosis Detection Kits (Millipore, Cat no. S7100).
Sections were cut by microtome at 4um and heated on to 52°C water, the wax
picked up on glass slides. Slides were prepared after being dried then the wax
was removed by rinsing in xylene for 5 minutes (2 times). The slides were
rinsed in 100% ethanol for 5minutes (2 times) then immersed in 95% ethanol for
5minutes. Slides were rinsed 70% ethanol for 5minutes then washed with water
for 5 minutes. Finally, slides were rinsed to PBS for 2 minutes. Specimens were
applied Proteinase K (20ug/ml) was added for 10 minutes at room temperature
to digest away some of the nuclear protein. 3.0% (v/v) freshly prepared
hydrogen peroxide (Sigma, Cat no. 216763) in PBS was added to the slides for
10 minutes. Then the specimens were rinsed with PBS for twice, 5 minutes
each. Excess water was removed, and equilibrium buffer 30 pl/2cm2 was
applied for 15 minutes at 37°C. The equilibrium buffer was discarded, and 55 yL
working strength TdT enzyme was added to each specimen for 1 hour, and
incubated at 37°C in the incubator. One of the nucleotides was labelled with
digoxigenin. During apoptosis, many 3’ OH available; these are the sites where
TdT incorporates a new “tail” which contain the DG label. After 1 hour the
working strength stop/wash buffer was added to the slides at room temperature.
The slides were washed in 3 changes of PBS for 1 minute each, and 65 pL of

anti-digoxigenin peroxidase to 30 pl/2cm?, and incubated in 37°C for 30minutes.

The slides were washed with 4 changes of PBS for 2 minutes per wash at room
temperature. Then, 75 pL of 0.05% DAB (3, 3’-diaminobenzidine) (Sigma, Cat
no. D-5637) (working strength peroxidase substrate) in PBS (w/v) was added to
each 30 pl/2cm? specimen for 6 mints at room temperature, and washed three
times with dH20 for 1 mint each. The specimens were stained with 0.5% Methyl
green (Counterstain) for 10 minutes at room temperature, and washed in 3 brief

changes of dH,O, 100% isopropanol, and Xylene. Finally, mount under a glass
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coverslip in D.P.X mountant (BDH, Cat no. 36029), and left to dry. The slides
were examined under the light microscope (PRIOR).

2.2.25 HepG2 cells by Oil Red O staining

2.2.25.1 Intracellular lipid content assessment

HepG2 cells were plated in 25cm2 flask at 70% confluence, and co
incubated with 30Mm FFAs (oleic acid/palmitic acid, 2:1) in serum-free
medium containing 1% FFAs-free BSA for 24 hours. Cells were observed
under phase contrast. Six well plates were used to seed the HepG2 cells with
FFA with and without Vitamin D in different concentration for 48 hours then Oil
Red O staining as follow:

2.2.25.2 Oil Red O staining measurement by

spectrophotometer

HepG2 cells were grown at an initial density of 105 cells/well in a 24-well
plate and treated with 30Mm FFA, and different concentrations of vitamin D
(0.4, 2,4pug/ml) for 48 hours. Iced PBS was used to wash the cells which were
fixed with 4% formaldehyde for 10 minutes then washed 3 times with PBS. Oil
Red O solution was used to stain cells (working solution, 0.5g Oil Red O
powder dissolved in 60% ethanol) for 10 minutes at room temperature. To
remove unbound staining, cells were washed with PBS. Dimethyl sulfoxide was
added to each sample so as to quantify Oil Red O content levels; after
shaking at room temperature for 5 minutes, spectrophotometer at 510 was
used to read the density of cells that have Oil Red O staining.

2.2.25.3 Generation of Bone marrow derived macrophages

Femurs and tibias from LDLR”PWT, and LDLR”PKO mice fed high fat diet
were used to prepare macrophages, the reason was to investigate lipid loaded
in macrophages with and without Vitamin D. The bones are put in 100% IMS for
a few minutes, and subsequently washed with PBS. The bones are then cut
from both sides, and flushed with PBS in to a 15ml falcon tube using a 1 ml
syringe which has a 0.45mm diameter needle. The tube is vigorously shaken to
break up cell clusters. After a few minutes the supernatant is transferred to a

new tube then centrifuged at 277 g for 5 minutes. The supernatant is discarded,
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and the pellet re-suspended in freezing medium (10 % (v/v)
dimethylsulfoxide/FCS), and transferred to -80°C. Thawing bone marrow cells
were added to RPM1-160 medium, and spun for 5 minutes at 1200 rpm. The
supernatant was discarded, and cover slip was added in to each 6 well plate.
The pellet was suspended in to the media so as to collect all the cells then the
media was added in to each well plate after that (20ng/ml) of GMCSF was
added. Incubation at 37°C for 7 days was performed, after 7 days the cells
were preconditioned with Vitamin D (2ug/ml) for 1 day. Cells were stimulated by
lipopolysaccharide from E. coli, serotype O111:B4 100ng/ml for 24 hours. Cells
in 6 wells were washed by PBS 3 times then the cells were fixed in neutral
buffered formalin for 10 minutes. 10ml 0.2% Oil Red O in propan2-ol stock, and
6.6ml dH20 were added through a 0.7Nm filter for 5-10 minutes. After staining
cells in 6 well plates were washed 3 times by distilled water in order to clean
from excess stain. Carazzi's Haematoxylin was added for 3 minutes to stain the
nuclei of cells. The cells were washed with tap water 3times to remove the
excess stain. The cover slips were mounted by using 50% glycerol in PBS.
After cover slips were put on slides, and examined by using light microscope
under 40X magnification.
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2.2.26 Stimulation of macrophages in vitro
2.2.26.1 Using J774 cell line

Fish oil (commercial capsule %10) (3ml/well) was added to J774, and in a 6
well plate in complete medium for 5 days, then cells were stimulated with
1pg/ml LPS E. coli O111: B4. The well plate cells were fed with 1 ml medium on
day 4, then all media was removed on day 5. 2ml complete RPMI medium (10%
FCS) were added with, and without washing with PBS, 2 wells were run in
parallel which remained unstimulated with fish oil, one of which received the
LPS treatment.

2.2.26.2 Bone marrow derived macrophages

Thawing bone marrow cells were added to RPM1-160 medium, and spun for 5
minutes at 1200 rpm. The supernatant was discarded, and 20ml RPM1-160
media was added in to each falcon tube then 4ul Granulocyte Monocyte Colony
Stimulating Factor (GMCSF) was added for the two falcon tubes (20ml each).
The media was suspended in to the pellet so as to collect all the cells. After
adding 5ml of media in to each small flask then the flasks were incubated at
37°C for 7 days. After 7 days 5ul DHA (25 mg/760 ul ethanol) was added to
each of two small flasks, and 5ul ethanol to the others as a control. After 2 days
the cells were stimulated by lipopolysaccharide from E. coli, serotype O111:B4
1000ng/ml for 24 hours. Cells were harvested, and RNA extraction, DNase
digest, cDNA synthesis, and cyclic amplification for inflammatory mediators

were performed.
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2.2.27 Data analysis

Unpaired T-test was used to analyse data statistically by Graph Pad Prism 7
programme (Graph Pad, San Diego California, USA). Unpaired-test, parametric
was used because we compared between two independent groups assumed
that the sampled data follow a Gaussian bell-shaped distribution and both
population have same standard deviations. T-test calculates two group means
divided by standard error of the difference. The sign of the t shows us which
group had a larger mean. The p value is derived from the absolute value of t.
Degree of freedom in t-test is equal to total sample size minus 2. Prism
calculated p-value from t and degree of freedom. The P-value answered our
questions either had effect or not. If the Null hypothesis was not true then only

there is 5% chance that p value more than 0.05.

ANOVA one-way was used when the comparison was more than two groups
and the data categorized in one way for instance, comparing control with two
treated groups. ANOVA, parametric test was used because we compared
between three or more groups assumed that the sampled data follow a
Gaussian bell-shaped distribution and both population have same standard
deviations. Turkey post-test was used to compare pairs of group means, it
shows that multiple and interrelated comparisons. Post-tests are working as t-
test calculation instead divided by standard error of the difference, they divide
buy a value calculated from the residual mean square, p —value-represents for
multiple comparison. Prism presents a P value for the defence between each
pair of mean, but the probability value represents to all family of comparisons,
not for each individuals. If the Null hypothesis is true then only there is 5%
chance that p value less than 0.05.

Non-reproducible results for replicates of tested sample in the experiment was
not accepted, the experiment was excluded and should be repeated. Data were
expressed as Means = SD for all experiments (n= the total number of mice).
The density of protein array was measured by ImageJ software. Non parametric
data were evaluated blinded and scored as described. We have decreased the

extent of variability between individuals as follows: in vivo, all mice held in the
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same unit so exposed to the same simuli, littermates analysed. Mice of certain
ages analysed. “matched”; reduction of stress due to environmental
enhancement (towards the end of your studies), especially important for males.
In vitro, cultured according to standard procedure so they were used in
comparable growth phases throughout the study. Own controls for each
stimulation to compare against treatment. Null hypothesis means that there is
no difference between groups. P value is the probability of observing a
difference larger than is observed if the null hypothesis were true. Prior to
starting experiment, a threshold p value (called a) was set to 0.05 and null
hypothesis was defined. If the p value was less than threshold, null hypothesis
was rejected and the difference was significantly statistical different; whereas, if
the p value was greater than threshold, null hypothesis was not rejected and it
was not significantly statistical different. When we reached to find that
significantly different between groups, which is called Type 1 error, when the
populations are identical. Type 1 error in 5% of experiments no significant
different (p<0.05). While, we reached to find that there was not significantly
different between groups, which is called Type 2 error, when the populations
are not identical. Type 2 error in 5% of experiments was significant different
(p<0.05) If the p value is greater than 0.05, it means the overall mean differs
from the hypothetical value we entered, the 95% confidence intervals will start
with negative number, the hypothetical mean is larger than actual mean. If the p
value is small (less than 0.05), it means that the difference is not due to
coincidence in between sample mean hypothetical mean, the 95% sure they

were different.
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Chapter 3 Characteristics of
common nutrient additives with

beneficial dietary effect
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3.1 Introduction

The aim of this study was to investigate whether DHA, Vitamin D (D3) and
Allicin affect TNF-a response of macrophages after stimulation with LPS.

3.1.1 Anti-inflammatory Role of Allicin

Allicin is also had anti-inflammatory role by the inhibition of P38, and JNK
pathways, and the expression of NF-kB in rats given trinitrobenzenesulfonic
acid (Li et al.,, 2015). In an in vitro study Allicin (10-30puM 24 hours) killed
parasites (Jesus Corral-Caridad et al., 2012). Garlic extracts has contributed to
ameliorate obesity, metabolic syndrome, cardiovascular disorders, gastric ulcer,
and even cancer (Arreola et al., 2015).

In the study by Lee et al., 2011, male C57BL/6J mice were given a high-fat diet
(45% fat) for 8 weeks to establish obesity. In the group receiving high fat diet
supplemented with garlic, body weight gain was less as well as the amount of
white adipose tissue, and levels of plasma and hepatic triglycerides, total
cholesterol compared to control mice (male C57BL/6J fed high fat diet without
supplemented garlic). In addition, liver function enzymes such as AST and ALT
were normalised in mice fed high fat supplemented with garlic. mRNA levels
such as PPARy and SREBP-1c, which are involved in adipocyte differentiation,
were investigated in white adipose tissue. The result showed that as PPARy
and SREBP-1c mRNA expression was significantly lower in mice fed high fat
supplemented with garlic, pointing to a likely mode of action for allicin. In
addition, AMPK activity, which has a role in thermogenesis and downregulation
of adiposity, was lower in mice given high fat diet-supplemented with garlic (Lee
et al, 2011). The beneficial effect of dietary garlic when on a high fat diet ( x%
fat) was observed as early as 5 weeks, in terms of reduced body weight gain,
epididymal fat accumulation, improved liver histology as well as triglyceride and

cholesterol levels (Kim and Kim, 2011).
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3.1.2 Anti-inflammatory Role of Omega 3

Omega 3, a polyunsaturated fatty acid, inhibits inflammation (Simopoulos,
2002). It also has an additional beneficial effect on NASH by regulating hepatic
lipid metabolism (see below). In fact, NAFLD patients have been treated by
omega 3 supplementation, and compared to control (2g EPA combined with
diet for 6months in 42 patients). They were found to have improvement of liver
steatosis, and liver enzymes in the treatment group compared to the control
group (Capanni et al., 2006). Omega 3 deficiencies are associated with the
development of insulin resistance, fatty liver disease, dyslipidemia (Scorletti and
Byrne, 2013).

Omega-3 fatty acid has a role in regulation of lipid metabolism including hepatic
de novo lipogenesis by inhibition of sterol regulatory element—binding protein
(SREBP-1) (Capanni et al., 2006), and carbohydrate regulatory element—
binding protein (ChREBP) activity (Musso et al., 2009), reduction in VLDL
synthesis due to the increase of hepatic fatty acid -oxidation, apoB100 secretion
and autophagic degradation (Chan et al.,, 2003), and activation of PPARs
(peroxisome proliferator-activated receptors), they are transcriptional factors
that are involved in lipid, protein, and carbohydrate metabolism, and form part
of the analysis (Chan et al., 2003)

Omega3-fatty acids also have anti-inflammatory effects by inhibiting TNF-a, and
IL-18, adipokine secretion, and inhibition of macrophage activation, and
recruitment, decreasing release of fatty acids. In addition, omega-3 fatty acid
causes increasing bile acid synthesis, and secretion, and up-regulation of
cholesterol 7a-hydroxylase (CYP7A1) (Scorletti and Byrne, 2013).

Fish oils are rich in long chain n-3 polyunsaturated fatty acids (LC n-3PUFA),
eicosapentanoic (EPA), and docosahexaenoic (DHA). They play a significant
role in the metabolic syndrome, and inflammation treatment (Mullen et al.,
2010). The aim of this study was to investigate whether DHA, and Vitamin D

(D3) affect TNF-a response of macrophages after stimulation with LPS.

According to previous work, macrophages preconditioned with DHA (50uM) for
5 days led to anti-inflammatory effect by inhibition of TNF-a, attenuated LPS-
induced nuclear factor (NF) kB activation, resulting in less TNF-a produced
(Oliver et al., 2012). In this study, J774 macrophages were pre-treated with
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DHA (50 uM) for 5 days were stimulated with 100ng/ml LPS for 30 min. Cells
were washed in PBS and fresh media was added and left to incubate with cells
for a further 48 hour. DHA-preconditioned J774 led to the decrease of pro
inflammatory cytokines such as IL-6, TNFa, and the increase of IL-10 as
measured by ELISA (Oliver et al., 2012).

Adipocytes co cultured with DHA enriched macrophages developed insulin
sensitivity, and also enhanced insulin-stimulated 3H-glucose transport, GLUT4
translocation (Oliver et al., 2012). In their work, J774 macrophages pretreated
with DHA (50 uM) for 5 days and stimulated with 100ng/ml LPS (30 minutes, 24
hours) were washed and placed in transwell inserts above fully differentiated
3T3-L1 adipocytes (48,72 hours). DHA (50 uM) enriched macrophages for 5
days led to the increase of IL-10 (M2 macrophage) secretion. As a result, no
insulin resistance, and adipocyte inflammation appeared when co-cultured with
adipocytes, while in the absence of DHA, adipocytes caused the enhancement
of M1- macrophage activities (TNF-a, IL-6 production). It can be concluded that
DHA, pre-treatment with adipocytes, prevented IL-6 secretion, lower NFkB
activity, and reduced adipocyte p38 phosphorylation, as a result insulin

resistance may diminish or the insulin sensitivity may increase (Figure 3.1).
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Figure 3-1 Mechanism action of DHA in macrophage, and adipocyte.

DHA leads to the decrease of inflammation in macrophage, and increase of insulin sensitivity in
adipocyte. Glucose transporter protein (GLUT4) is the rate-limiting step in glucose utilization.
GLUT4 is expressed in adipocytes. DHA is a potent activator of GLUT4, and upregulates GLUT
4 activity via its receptor GPR120; as the result there is no glucose increase in the blood
circulation. DHA leads to the blocking of TAK1 process in macrophages so it causes the
decrease of phosphorylation, and translocation of NFkB, and p38MAPK into the cell nucleus.
This antagonises the activity of LPS, which binds to TLR4, signalling via NFkB, and p38MAPK.
Red lines indicate the intracellular inhibitory effect of DHA.
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3.1.3 Anti-inflammatory Role of Vitamin D

According to Mutt et al., (2014) 1,25 (OH)2D3 (Vitamin D3) led to the down
regulation of inflammation by NFkB ,and MAPK signaling pathway inhibition in
mouse adipocyte cell line ,and human adipocytes. According to Gupta and
colleagues Vitamin D3 (2ug/ml) led to the inhibition of cholesterol synthesis in
J774, and HepG2 cell lines (Gupta et al., 1989). The experimental design, and
concentration for Vitamin D were taken from work cited above (Oliver et al.,

2012), and increased in my work to include treatment (posthoc stimulation).

3.2 Result

3.2.1 The effect of anti-inflammatory agents (DHA, Vitamin D,
Allicin) on LPS-induced TNF-a mRNA expression, and

protein in vitro

3.2.1.1 DHA, and Vitamin D revert inflammation after stimulation with LPS

While sufficient experimental animals to begin the mouse diet studies were
being bred, a series of in vitro investigations was started in order to quantify the
anti-inflammatory response generated by immune modulators, which were
being considered as supplements to the high fat mouse diets. The experimental
model drew on experience in the lab: mouse macrophages stimulated with
1000ng/ml LPS for 4hrs produce a significant increase in TNF-a mRNA
expression. The mouse macrophage cell line J774 was tested in different
stimulation times as follows: 2 hours, 4 hours, 6 hours, 18 hours, and 24 hours:
After two hours’ stimulation, there was a minor increase in the expression of
TNF-a mRNA compared to control condition. Its expression after four hours had
five-fold increase over the control. After that, its expression decreased steadily
until it reached 2.5-fold at the 24th hour point, which was near to the control
sample (2-fold). It was concluded from experience in the lab that 4 hours
stimulation with LPS concentration of 1000ng/ml LPS E.coli 0111: B4, had the
highest TNF-a mRNA expression, and reached a peak compared to the other

time points (Data not shown).

Fish oils are rich in long chain n-3 polyunsaturated fatty acids (LC n-3PUFA),

eicosapentanoic (EPA), and docosahexaenoic (DHA). They play a significant
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role in the metabolic syndrome, and inflammation treatment (Mullen et al.,
2010). Vitamin D3 led to the down regulation of inflammation by NFkB and
MAPK signaling pathway inhibition in mouse adipocyte cell line and human
adipocytes (Mutt et al., 2014).

The experimental design, and concentration for Vitamin D were taken from
work cited above (Oliver et al., 2012).

3.2.1.2 Vitamin D3, and DHA preconditioning for five days prevents

inflammation

A pilot study for Omegas 3 was performed by using 10% fish oil (commercial
capsule), but it did not mix with the culture medium. Therefore, a commercial,
medium soluble, DHA product (Sigma) was used to attempt to modulate the

inflammatory reaction of macrophages.

J774 macrophage cells were preconditioned with DHA (16pg/ml) or Vitamin D
(VD) (4pg/ml) for 5 days, then stimulated with 100ng/ml LPS E.coli 0111:B4 for
24 hours (A), and 4 hours (B). DNA digested, and cDNA synthesised for g°PCR
analysis. DHA (16ug/ml), and Vitamin D (4ug/ml) were stimulated with 200ng/ml
LPS for 24 hours in order to know to what extent DHA and Vitamin D for 5 days
causes down regulation of M1 macrophage characteristics after 24 hours
stimulation, and to investigate whether a combination of Vitamin D and DHA
works together. To compare four separate experiment for 24 hours stimulation
(A) to two separate experiment for 4 hours stimulation (B), experiments set up
at different times, LPS induced TNF-a expression (normalised to GAPDH

housekeeping gene).
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Figure 3-2 DHA (16pg/ml), Vitamin D (4 pg/ml) preconditioning for 5 days.

DHA (16pg/ml), Vitamin D (4 pg/ml) preconditioned to J774 cells for 5 days, and combination of
them, then stimulated by 100ng/ml LPS for 24hours, compared to J774 cell line stimulated by
100ng/ml LPS, four separate experiments were performed (panel, A). DHA (16pg/ml)
preconditioned for 5 days then stimulated with 100ng/ml LPS for 4hours, compared to J774 cell
line stimulated with 100ng/ml LPS, two separate experiments were performed (panel B).
Results are presented as averages +SD from ftriplicate determinations. ™p < 0.01 (adjusted p-
values).
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All experiments that included a modulator DHA or Vitamin D decreased the
LPS-induced TNF-a mRNA significantly. DHA (16ug/ml) was significantly
efficient in reducing mRNA expression of TNF-a stimulated with 100ng/ml LPS
for 24 hours stimulation (Figure 3-2, A). Vitamin D (4pg/ml) was significantly
efficient in reducing TNF-a expression. The combination of DHA (16ug/ml), and
Vitamin D (4pg/ml) was significantly efficient in reducing TNF-a, also J774
enriched DHA was tested without stimulation with 100ng/ml LPS to investigate
whether DHA caused the release of TNF-a To test whether DHA caused the
death of cells or not, the cells were checked under the microscope by using
trypan blue stain, the principle was that live cells possessed intact cell
membranes which excluded the stain, but dead cells did not. It suggests that
Vitamin D (4pg/ml), and DHA (16pg/ml) both separately, and in combination
play a potent role at down regulation of TNF- a mRNA expression. Interestingly,
the combination of Vitamin D (4ug/ml), and DHA (16ug/ml) had a significant
greater effect at lowering TNF- a mRNA after stimulation with 100ng/ml LPS. To
test the biological effects of DHA, and Vitamin D in different concentrations (5
days preconditioned) after 4 hours stimulation with 100ng/ml LPS, the following
experiment was performed. LPS (100ng /ml) stimulation reaches the peak at 4
hours stimulation. DHA (16ug/ml) was used (Figure 3-2, B), and stimulated by
100ng/ml LPS for 4 hours in order to investigate to what extent it affects the
increase of TNF-a mRNA expression for 4 hours, and the decrease by DHA

after 5 days preconditioning.

Insulin receptor MRNA expression was performed for J774, HepG2 cells
preconditioned with Vitamin D (0.4, 2, 4, ug/ml) for 1 day, and stimulated with
100ng/ml LPS for 24 hours. The doses of Vitamin D3 (0.4, 2, 4 ug/ml) were
chosen based on a pilot experiment that investigated induction of insulin

receptor mRNA in target cells (Kheder et al., 2016, Supplementary Figure 1).

PCR was performed for Vitamin D receptor, and toll like receptor 4 (TLR4) so as
to know expression of ligand relevant mRNA for Vitamin D receptor, and Toll-
receptor of J774, and HepG2. The LPS dose of 1000ng/ml was found to
negatively impact TLR, an VDR mRNA expression in J774, which behaved as
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acute sensors of the presence of this PAMP in comparison with HepG2 (Kheder
et al., 2016, Supplementary Figure 2).

It was found DHA (16ug/ml), Vitamin D (4pg/ml), combination of DHA (16ug/ml)
and Vitamin D (4ug/ml) preconditioning for 5 days were efficient in reducing
MRNA expression of TNF-a (stimulated with LPS 100ng/ml) for 24 hours,
interestingly DHA and Vitamin D combination were greater efficient at lowering
TNF-a (Figure 3.2, panel A), and also DHA (16ug/ml) preconditioning for 5 days
stimulation by 100ng/ml LPS for 4 hours was efficient in reducing mRNA
expression of TNF-a (Figure 3.2, B). In order to investigate whether Vitamin D
for 1 day preconditioning with J774 affects TNF-a stimulation at different
concentrations (0.4pg/ml, 2ug/ml, and 4ug/ml), the following experiment was

used:

3.2.1.3 One day preconditioning with Vitamin D prevents inflammation

This experiment was performed to investigate which concentrations of Vitamin
D are biologically most effective at reducing inflammation in J774 cells, during
24 hours’ preconditioning, and subsequent stimulation with LPS 100ng/ml for 4

hours.

Concentrations used for Vitamin D were 0. 4ug/ml, 2pg/ml, 4pg/ml (Figure 3.3).
After preconditioning with Vitamin D (1day), and stimulating with 100ng/ml LPS
for 4 hours TNF-a mRNA expression was measured. Vitamin D (4pg/ml, and
2ug/ml) were more efficient in reducing TNF-a compared to Vitamin D
(0.4pg/ml) (Figure 3.3).
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Figure 3-3 Vitamin D preconditioning for 1 day at different concentrations.

Then J774 stimulated by 100ng/ml LPS for 4hours, compared to J774 cell line preconditioned
with Vitamin D 0.4 pg /ml, Vitamin D 2ug/ml, Vitamin D 4 pug/ml for one day and stimulated by
100ng/ml LPS for 4 hours, two separate experiments were performed. Results are presented as
averages +SD from triplicate determinations. ™p < 0.01 (adjusted p-values).

To further support the anti-inflammatory role of Vitamin D HepG2, and J774 cell
lines were used to study lipid body inclusions. Cells were preconditioned with
Vitamin D for 24 hours then stimulated with 100ng/ml LPS for 24 hours. Oil Red
O staining was performed, and the result showed cells preconditioned with
Vitamin D then stimulated with 100ng/ml LPS for 24 hours had less Oil Red O
staining compared to stimulated cells with LPS, but the control (unstimulated
HepG2, J774) had some Oil Red O staining. In addition, no differences were
seen between cells stimulated with 100ng/ml LPS, and 1000ng/ml LPS. For
further investigation, gPCR also was performed for TNF-a mRNA expression in
HepG2 after stimulation with LPS 100ng/ml, and to what extent Vitamin D

caused the decrease of TNF-a mRNA expression.
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3.2.2 Anti-inflammatory effect of Vitamin D on HepG2 cells
HepG2 cells were preconditioned with Vitamin D (VD) (0.4, 2, 4ug/ml) for 1 day,
then stimulated with 100ng/ml LPS E.coli 0111:B4 for 4 hours mRNA was
prepared, the DNA digested, and cDNA synthesized for gPCR analysis. The
result (Figure 3.4) shows that 1000ng/ml LPS induces higher levels of TNF-a
MRNA compared to 100ng/ml LPS. Vitamin D (0.4 pug/ml) was not effective at
lowering TNF-a mRNA compared to HepG2 stimulated with 100ng/ml LPS
without Vitamin D. However, Vitamin D (2ug/ml and 4upg/ml) alone effectively
lowered TNF-a mRNA compared with HepG2 stimulated with 100ng/ml LPS
(Figure 3).The reason for using high dose of LPS was to know whether LPS
(1000ng/ml) caused the increase TNF-a mRNA compared to LPS (100ng/ml) in
HepG2 cells.

N w N ol
1 1 1 1

TNF-ao mRNA fold change
'A

Figure 3-4 TNF-a mRNA expression in HepG2 cell.

Preconditioned HepG2 with Vitamin D (0.4, 2, 4 ug/ml) for 1 day then stimulated by 100ng/ml
LPS for 4hours, compared to HepG2 cell line stimulated by100ng/ml LPS. This experiment was
performed once only.
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3.2.3 Stimulation of J774 cells with LPS, and Tunicamycin (ER

stress marker) by using Oil Rd O staining method

In order to investigate the foam cell formation by Tunicamycin, and LPS, Oil
Red O staining method was performed. Tunicamycin is an endoplasmic
reticulum stress producer (Suganya et al., 2014). Tunicamycin (1pg/ml, 2 pg/ml)
was added to J774 cells for 24 hours with, and without stimulation by 100ng/ml
LPS. Also LPS (100ng/ml, and 1000ng/ml) were added to J744 cells separately
for 24 hours. The result showed the possibility to foam cell formation in J774
stimulation with Tunicamycin was higher (23 %) compared to J774 LPS
stimulation cells (18 %), interestingly, high dose Tunicamycin (2 pg/ml) and high
dose LPS (1000ng/ml) combination had the higher foam cell formation (35 %).
(Figure 3.5).

A  Positive B Negative

Lipid droplets

A

Figure 3-5 Oil Red O staining in J774 stimulation with Tunicamycin and LPS.
Foam cell formation positive, which has lipid droplets (panel A), No form cell formation, no fat
droplets J774 cells without stimulation with Tunicamycin, and LPS (panel B).
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3.2.4 Allicin has anti-inflammatory role on J774

In order to investigate anti-inflammatory role of Allicin (Sigma) and the dose it
is relatively most effective against the literature (10-30uM 24 hours) (Corral-
Caridad et al., 2012). Different doses of Allicin were used (30uM, 15 puM, and 6
pHM), so as to know the minimum effective dose. Allicin in J774 cells was
preconditioned for 1 day, and 5 days (for 30 uM) (Figure 3.6), then stimulated
with  100ng/ml LPS. TNF-a mRNA expression decreased at all Allicin
concentrations used (30uM, 15 uM, and 6 uM). Interestingly, 30uM Allicin for 5
days preconditioning had a greater effect compared to 1 day preconditioning.
Surprisingly, 30uM Allicin, and 6uM Allicin preconditioning for 5days had a

lower effect compared to 15uM 5 days preconditioned.
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Figure 3-6 Using J774 cells to investigate TNF-a mRNA expression in the presence of
Allicin.

QPCR for TNF-amRNA expression in J774 macrophage cell line, in the presence of Allicin
preconditioning for 1 day (30 uM), and 5days at 30 uM, 15 uM, 6 UM concentration (1 day
preconditioned), then stimulated by 100ng/m LPS for 4 hours.

Another experiment was performed to study curative effects of Allicin. J774
cells were exposed to Allicin (30 uM) for 1 day after stimulation with LPS (100
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ng/ml) for four hours J774 cells were exposed to LPS (100ng/ml) for 4 hours
(Figure 3.7). As a result, Allicin led to the decrease mMRNA expression of TNF-a.
Allicin did not release any TNF-a without stimulation by 100ng/ml LPS (Figure
3.7), therefore it means Allicin is not toxic to cells; to investigate viability of cells
with Allicin, the viability of cells were checked under the microscope by using

trypan blue stain as described previously.
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Figure 3-7 Using Allicin as treating J774 cells after stimulation with LPS 100ng/ml.
QPCR for TNF-a in J774 macrophage cell line, J744 stimulated with 100ng/ml LPS for 4 hours
then treated with 30 uM Allicin for 1 day. No TNF-a mRNA expression was induced by 30 yM

Allicin alone.
It can be concluded that Allicin in different doses (30 uM, 15 pM, 6 uM) (5 days
preconditioned), and 30uM (1 day preconditioned) have an efficient role at

lowering mMRNA expression of TNF-a following LPS stimulation.
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3.2.5 Effect of Allicin, DHA, and Vitamin D on TNF-a secretion

To investigate TNF-a protein expression, ELISA TNF-a was performed. TNF-a
MRNA was decreased by using Vitamin D, DHA, and Allicin after stimulation
with 100ng/ml LPS. Therefore, the protein level of TNF-a was measured after
24 hours stimulation with 100ng/ml LPS, in the presence, and absence of these
modulators, to confirm mRNA expression of TNF-a. The reason for using 24
hours stimulation was that protein translocation is initiated in by 24 hours. In
unstimulated J774 cells preconditioned with DHA (16ug/ml), J774
preconditioned with Vitamin D (2ug/ml), and J774 preconditioned with Vitamin D
(4pg/ml), TNF-a release was reduced by less than 5 fold compared to J774
stimulated with 100ng/ml LPS. This appears that Vitamin D, DHA, and Allicin
did not cause the release of TNF-a. To further investigate their viability cells
were checked under microscope, and also by Trypan blue exclusion to check
living, and non-living cells. J774 cells stimulated with 100ng/ml LPS for 24
hours showed an increase TNF-a by 5 fold, and half. In J774 cells
preconditioned with DHA (16pg/ml) stimulated by 100ng/ml LPS for 24 hours,
DHA led to the decrease of TNF-a amount reduced by more than half (Figure
3.9). In J774 preconditioned with Vitamin D (2ug/ml) then stimulated LPS
100ng/ml for 24 hours, a threefold decrease of TNF-a was found. DHA
(16pg/ml) led to the decrease of TNF-a by two-third. It appears that there is a
tendency for Vitamin D (2ug/ml) to be more efficient than DHA (16ug/ml) at
lowering TNF-a secretion. J774 preconditioned with Vitamin D (4ug/ml) for 1
day then stimulated by 100ng/ml LPS for 24 hours, caused the decrease of
TNF-a by half compared to J774 preconditioned with Vitamin D (2ug/ml). It
appears that there is a tendency for Vitamin D (4ug/ml) to be more effective

than Vitamin D (2pug/ml), and DHA (16ug/ml) at lowering TNF-a secretion.

In J774 preconditioned with 30 puM Allicin for 1 day then stimulated with
100ng/ml LPS for 24 hours, Allicin led to the decrease of TNF-a secretion by
three fold. It means that there is a tendency for Allicin to be more effective than
Vitamin D (2pg/ml), Vitamin D (2ug/ml), but more efficient than DHA (16ug/ml)
at lowering TNF-a secretion.
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In combination group J774 cells were preconditioned with DHA (16pg/ml),
Vitamin D (4pg/ml), and 30 uM Allicin (30 uM), and then stimulated by 100ng/ml
LPS. TNF-a resulted in the decrease amount of TNF-a secretion by nearly one-
third. While in combination DHA 16ug/ml, Vitamin D 4ug/ml stimulated by
100ng/ml LPS, it resulted in the reduction of TNF-a secretion by one-fourth.
There is a tendency for combination of DHA, Vitamin D, and Allicin at the doses
chosen are more efficient than the combination of DHA, and Vitamin D together
(Figure 3.8).

In conclusion, DHA 16ug/ml, Vitamin D 2pg/ml, Vitamin D 4pg/ml, and 30 pM
Allicin play an anti-inflammatory role, because they have as a significant role at
lowering TNF-a secretion. Taken together, the most efficient is Vitamin D
4ug/ml, then Vitamin D 2pug/ml, and Allicin is more efficient than DHA (16ug/ml)
at lowering TNF-a secretion. Combination of the three compounds together
(DHA 16ug/ml, Vitamin D 4pg/ml Vitamin, 30 uM Allicin) there was a tendency
for having more efficient than the combination of DHA 16ug/ml, Vitamin D

4ug/ml.
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Figure 3-8 ELISA test to investigate TNF-a protein in the presence of, Vitamin D, DHA
and Allicin.

J774 cell lines, with100ng/ml LPS stimulation for 24 hours with, and without DHA (16pg/ml),
Vitamin D (4, 2pg/ml), and 30 uM Allicin. Supernatant was collected and TNF-a ELISA test was
performed. 1-J774+LPS100ng/ml, 2- J774+DHA16ug/ml+LPS100ng/ml, 3- J774+Vitamin D
2ug/ml+ LPS100ng/ml, 4- J774+Vitamin D 4pg/ml+ LPS100ng/ml, 5-J774+Allicin 30um +LPS
100ng/ml, 6- J774+ DHA16ug/ml+ Vitamin D 4pg/mi+ +Allicin 30pum LPS100ng/ml. 7-3774, 8-
J774+DHA16pg/ml, 9- J774+Vitamin D 2ug/ml, 10- J774+Allicin 30pm, 11- J774+
DHA16ug/mi+ Vitamin D 4ug/mli+ Allicin.
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3.3 Discussion

The main purpose of this study was to transfer Vitamin D from in vitro, and also
investigate the effect of DHA, and Allicin in favour of treating mice with induced
inflammation. The reason for 4 hours and 24 hours stimulation is to know the
effectiveness of Vitamin D, and DHA at lowering TNF-a in the two different
stimulation periods, and also it is established that in 4 hours stimulation TNF-a
MRNA reaches a peak. Vitamin D was given to mice via food in order to
prevent mice from NAFLD, NASH after given HFD, and high fructose for 10
weeks. DHA was not supplied to mice models because Omega-3 (DHA) has a
similar calorific value to other fats on a gram by gram basis. However, the
biological effects are very different. When altering diets, it is important we
substitute an alternative fat (SFA) with the omega-3. Simply adding omega-3 in
one group of mice means they are exposed to a higher amount of fat which may

affect results.

DHA had a significant role at reducing mRNA expression of TNF-a in J774 cell
line. Our results are supported by a previous study which has shown anti-
inflammatory role of DHA (Oliver et al., 2012). According to Mullen et al., 2010,
DHA plays a significant role in lowering pro-inflammatory mediators IL-13, and
IL-6, after stimulation with 0.1ng/ml LPS for 24 hours in monocyticTHP-1 cell
line (1x108 cell). DHA-treated macrophages, during 5hours activation with 0.1
pg/ml LPS, led to the reduction of transcription factor NF-kB p65 expression
(Mullen et al.,, 2010). Nuclear binding of p65 was significantly decreased in
DHA-treated cells at 2-h LPS activation.

In vitro experiments, Vitamin D3 was used to investigate skewing M1
macrophages to M2 in J774 cell line. Our results showed that Vitamin D3 plays
a significant role at lowering TNF-a mRNA expression. Our results are
coincidence with previous study which has documented that anti-inflammatory
role of Vitamin D (Zhang et al., 2012).

Macrophages elicited from peritoneal cavities of obese mice by intraperitoneal
injection of 4% thioglycollate solution, showed foam cell formation, which is
formed by acetylated LDL (AcLDL), oxidized LDL (oxLDL); while in the

presence Vitamin D less foam cells were formed, because AcLDL- or oxLDL-
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induced cholesteryl ester formation was reduced by Vitamin D (1, 25(OH) 2D3)
(Oh et al., 2009).

Allicin was used to reduce TNF-a (Lang et al., 2004) (Lang et al., 2004). It has
been shown that garlic extracts has contributed to ameliorate obesity, metabolic
syndrome disease (Arreola et al., 2015). Our results showed that Allicin, in
different doses (30uM, 15uM, 6uM), led to lowering of TNF-a mRNA in J774
cells after stimulation with 100ng/ml LPS. Allicin might be used in favor of

treating mice with induced inflammation.

Liver inflammation is triggered by endoplasmic reticulum stress, and Kupffer
cells activation that will promote NASH development (Scorletti and Byrne,
2013). The “second hit” of NAFLD is oxidative stress development in
hepatocytes, which is followed by steatohepatitis, and liver cirrhosis (Lim et al.,
2010). Our result showed that Tunicamycin, which is an endoplasmic reticulum
stress producer (Kim et al., 2013), with 100ng/ml LPS, led to the increase of

foam cell formation.

To summarise, Vitamin D (4ug/ml) and DHA (16pg/ml), both separately and in
combination, play a potent role at down regulation of TNF- a mRNA expression,
and TNF- a protein expression in J774 cells activated with LPS. Interestingly,
the combination of Vitamin D (4ug/ml), and DHA (16ug/ml) had a greater effect
at lowering TNF- a mRNA after stimulation with 100ng/ml LPS, but they did not
lead to the decrease TNF- a protein expression. Notably, the combination of
Vitamin D, DHA, and Allicin had the greatest inhibitory effect on TNF- a protein
release. There was a greater tendency to decrease TNF- a mRNA at 5 days
preconditioning 30Mm Allicin then stimulated with 100ng/ml LPS compared to 1
day preconditioning; in addition, 30Mm Allicin led to the reduction of TNF- a
protein expression. TNF-a mRNA expression also decreased in HepG2
preconditioned with Vitamin D, after stimulation with LPS 100ng/ml. The
treatment idea has been established by stimulated J774 with 100ng/ml for 4
hours then treated with Allicin for 1 day which led to the decrease TNF-a mRNA
compared to 100ng/ml LPS. Oil Red O staining showed that Vitamin D led to
the decrease of lipid in HepG2 cells compared FFA acid group alone. It also

showed that LPS led to the increase foam cell formation, which was prevented

80



by Vitamin D in J774, and HepG2 cells. Based on the significant positive effect
of Vitamin D, DHA, Allicin and lipotoxicity of free fatty acids, different doses of
Vitamin D (0.4, 2, 4 ug/ml), DHA (8, 16, 32 ug/ml) were chosen to prevent, and
treat J774, and HepG2 cells before and after stimulation with 100ng/ml LPS. In
addition, free fatty acids (oleic acid/palmitic acid 2:1, 15 and 30 mM) were used
in HepG2 cells to investigate lipid accumulation and prevent it by Vitamin D.
The result showed that Vitamin D, and DHA exerted a consistent, dose
dependent anti-inflammatory effect, and increased PPARa relative to Srebp-1c
in both cell types. However, addition of free fatty acids (FFA, oleic acid/palmitic
acid 2:1) led to the aggravation of LPS-induced inflammatory reaction, and an
increase of Srebp-1c relative to PPARa. Our results argue in favor of dietary
supplementation of Vitamin D, DHA (and avoidance of
monounsaturated/saturated fatty acids) and Allicin to alleviate development of
fatty liver disease. The paper that arose from this, and other related work is
included hereafter (appendix) (Kheder et al., 2016). These studies are limited
by the use of cell lines from mouse and human, and could be complemented by
FACS analysis for macrophage polarization and hepatocyte receptor

expression.
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Chapter 4 The effects of Vitamin D3
as a nutraceutical during high fat

diets
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4.1 Introduction

No study has yet investigated the effect of dietary Vitamin D supplements on
enzymatic liver function, endotoxin levels, and inflammatory mediators in one
single study. Liver steatosis was observed in Vitamin D receptor deficiency
mice compared to wild type mice (Geier, 2011). Some studies have shown that
NAFLD patients have Vitamin D deficiency. It therefore appears that lower
Vitamin D is more likely to increase susceptibility to develop NAFLD. Recently,
Vitamin D has been given as treatment to ameliorate NAFLD, and also it was
given to patients who received liver transplants in order to prevent rejection by
the body (Stein and Shane, 2011). Vitamin D is decreased by 1.3nm/L with
each 1kg/m? body mass index (BMI), low vitamin D is associated with insulin
resistance that is associated with the development NAFLD. Women with
sufficient level of Vitamin D had a lower risk of developing Diabetes mellitus
type 2. Vitamin D response element is located on promoter regain of insulin
gene (Kitson and Roberts, 2012). There was a low level of Vitamin D level in
obese people (Daniel et al., 2015). Obesity could be prevented by improving
Vitamin D low level (Foss et al., 2009). Vitamin D levels show a correlation with
increased risk of type 2 diabetes (von Hurst et al., 2010).

Vitamin D is synthesized, and metabolized as follows: Skin, liver and kidney
provide distinct enzyme activities to generate the metabolically active form of
Vitamin D (Figure 4.1).
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Figure 4-1 Vitamin D3 synthesis and metabolism.

Vitamin D is a fat-soluble Vitamin, when the skin is exposed to certain wavelengths of ultraviolet
B (UVB) rays from the sun; the stored 7- dehydrocholesterol is converted to pre-Vitamin D3 or
pre-calciferol. Vitamin D3 is formed by pre Vitamin D3 isomerization then cholecalciferol is
formed. Diatery Viatmin D2 or D3 is incorporated to chylomicron Vitamin D then it is bound to
binding protein (DBP) liver. In the liver both skin and dietery Vitamin D3 is metabolised by 25-
hydroxylase (CYP2R1), a so-called calcidiol. It is transported to the kidney where second
hydroxylation is happened by 1a-hydroxylase (CYP27B1) to form 1, 25-(OH) 2 D3 (calcitriol)
which the active form. It has receptors on the cell membrane or the nucleus resulting in different
genes expression. The main regulators of the active form of these enzymes are the parathyroid
hormone, 1, 25(0OH)2D, and fibroblast growth factor 23 (FGF23). Parathyroid hormone is a main
stimulus for la-hydroxylase transcription, fibroblast growth factor 23, which is produced from
osteoblasts, promotes kidney to inhibit 1a-hydroxylase and produce 24-hydroxylase activities a
result 1, 25(OH)2D production can be decreased .

The Vitamin D used in this study corresponds to 1, 25 (OH)2 D3. Vitamin D
plays an important role in protection liver from NAFLD because it has anti-

inflammatory characteristic. A rodent study showed that deficiency in vitamin D
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led to the development of NASH while inflammation, fibrosis, and apoptosis
were reduced by giving vitamin D via diet. Furthermore, rodents which had
been given HFD without vitamin D developed NAFLD, insulin resistance, and
liver inflammation was observed (Kitson and Roberts, 2012). In human
monocytes, and bone marrow derived macrophages Vitamin D up regulates the
expression of MAPK phosphatase-1 (MKP-1). As a result, Vitamin D leads to
the decrease LPS-induced p38 activation pro-inflammatory cytokines such as
IL-6, and TNF-a (Zhang et al., 2012). Physiological range of 25(OH) D3
(inactive Vitamin D) (15 days half-life), which led to the suppression of IL-6, and
TNF-a, is more than 30ng/ml, and it is comparable with 0.04ng/ml of the active
form (1, 25(OH) 2D3) (approximately 15 hours half-life) (Zhang et al., 2012).
Vitamin D has anti- inflammatory role, it also prevents fatty liver disease (Figure
4.2) and also it leads the increase of insulin sensitivity in adipocytes and muscle
cells which caused by diabetes or obesity related disease (Figure 4.3).
Therefore the aim of this chapter was to to investigate hepatic and adipose
response to high fat high sugar diet and systemic measures of liver function
tests, liver steatosis, liver inflammation, insulin resistance, metabolic syndrome,
lipid peroxidation, pro-inflammatory mediators, cholesterol metabolism, and
endotoxin level. Additionally, to investigate the anti-steatotic, anti-inflammatory
role of Vitamin D, and to know whether Vitamin D prevents pre diabetic
phenotypes, metabolic syndrome parameters, and LPS translocation from

intestine to blood stream.
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Figure 4-2 Proposed model of action of Vitamin D3 on macrophage or adipocyte.

Vitamin D3 binds to an intracellular receptor, VDR, and inhibits 1B phosphorylation, and
translocation of NFkB, and p38MAPK into nucleus. This antagonises the activity of endotoxin
(lipopolysaccharide) (LPS) which binds to TLR4, signalling via NFkB, and p38MAPK. Red
crosses indicate the intracellular inhibitory effect of Vitamin D3. In addition, Vitamin D3
increases adiponectin production, which is beneficial in decreasing susceptibility to developing
liver steatosis, and insulin resistance.
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Figure 4-3 Proposed model of action of Vitamin D3 on muscle cells.

GLUT4 is expressed in muscle cells. Insulin, and exercise are most potent activators of GLUTA4.
High fat-high sugar diet increases the risk of diabetes. In diabetes, GLUT4 translocation is
impaired, therefore, GLUT4 is not activated by insulin. Vitamin D is beneficial because it can
upregulate GLUT 4 activity by increasing AMPK (activated protein kinase) activation.
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Our hypothesized that Vitamin D plays a vital role in the prevention of metabolic
syndrome diseases such as fatty liver disease and diabetes caused by high fat—

high sugar diet given to mice for 10 weeks or five weeks.

4.2 Results

Ten weeks and five weeks diet were studied
4.2.1 Ten weeks study

Mice were housed in a barrier facility, and were fed a maintenance diet termed
5LF2 (14% protein, 6% fat, 65% carbohydrate) (low fat diet). At 3 months’ of
age, they were randomized to two groups and fed for 10 weeks a formulated
cholesterol free diet 58R3 (high fat -high sugar diet) (Test Diet ® product 20%
protein, 36% fat, 35% carbohydrate, rich in sucrose) differing in the content of
admixed Vitamin D3 (1 IU/g vs 10 IU/g) (Test Diet ® product). Animal
experimentation was performed in accordance with UK Home Office
regulations, and institutional ethical guidelines. Mice were weighed weekly by
animal technician. Preliminary experiments revealed that 10 weeks duration of
altered diet intake was sufficient to generate histological changes consistent
with NAFLD. At 12 weeks high fat diet, a decline in food intake was observed;
therefore, 10 weeks duration was chosen for reason of lesser severity
(refinement). LDLR”- mice represent a model of familial hypercholesterolemia,
LDLR** mice were in bred, but not congenic WT control, but reared in the same
pathogen free barrier facility.

4.2.2 Effect of Vitamin D on fatty liver disease in ten weeks

15 mice (6 Female LDLR”, 6 Female LDLR**, and 3 male LDLR") were given
high fat -high sugar diet for 10 weeks, and 17 mice (7 Female LDLR", 7 Female
LDLR**, and 3 male LDLR”") were given mice Vitamin D supplemented high fat
high sugar diet.

4.2.2.1 Effect of Vitamin D on serum Vitamin D level

Low Vitamin D level was documented in patients who had diabetes (Zoppini et
al.,, 2013) and there was abnormal regulation of serum 1,25(0OH)2D
concentrations mice fed high fat diet (Park et al.,, 2015). The aim of this

experiment was to determine whether Vitamin D level was elevated when mice
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were given a high fat high sugar diet supplemented with Vitamin D. Our results
showed that the high fat diet group mice supplemented with Vitamin D had
higher Vitamin D serum levels compared to high fat diet group mice without
additional Vitamin D (Figure 4.4, A, B). Interestingly, the level of Vitamin D was
lower in LDLR” group mice compared to LDLR** mice. It can be reported that

Vitamin D supplementation caused the increase Vitamin D serum level.
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Figure 4-4 The effect of Vitamin D supplemented high fat high sugar diet compared to
high fat high sugar diet in mice sera on Vitamin D levels.

LDLR** mice fed high fat high sugar diet with and without Vitamin D (panel A), LDLR"- mice fed
high fat high sugar diet with and without Vitamin D (panel B). Results are presented as
averages +SD from duplicate determinations. **** p<0.0001(adjusted p-values).
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4.2.2.2 Body Weight measurement

The main purpose for weight measurement is to investigate whether body
weight increases by giving high fat -high sugar diet, and in relation to Vitamin D
supplementation. All mice (age 16 weeks) sex matched, the results were

recorded as follows:

Body weight was measured once per week (10 weeks) for all experimental
mice, where equal amounts of diet were added. The percentage of body weight

increase was calculated as follow:
(End body weight/first body weight *100)-100.

It increased in LDLR** mice fed a high fat-high sugar diet compared to LDLR**
mice fed the maintenance diet. The percentage of body weight gain tendency
was higher in LDLR” mice fed a high fat -high sugar diet compared to mice fed
the maintenance, but as far as Vitamin D group was concerned, mice tended to
show less body weight gain or stability so as not to get overweight. However,
LDLR** mice fed high fat-high sugar diet showed mice that had a tendency to
have greater body weight when compared to LDLR** mice on maintenance
diet. However, the Vitamin D supplemented diet group mice had a tendency to
have greater the percentage body weight gain significantly compared to high fat
-high sugar diet group mice (Figure 4.5).

Taken together, these results suggest the most striking result is that the two
backgrounds behave differently to Vitamin D, and LDLR” are heavier on

maintenance diet mice group.
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Figure 4-5 The percentage of body weight gain in female mice.
LDLR+/+ and LDLR-/- mice fed high fat high sugar diet with and without Vitamin D on different
diet. Results are presented as averages +SD from duplicate determinations. *p < 0.05

(adjusted p-values).

4.2.2.3 Analysis of liver weight in experimental female LDLR-/- , LDLR+/+

mice

The main goal was to determine whether high fat-high sugar diet led to
increased liver weight compared to maintenance diet, and to assess whether
Vitamin D supplemented diet affected liver weight. However, weight possibly
does not reflect accurately the development of hepatomegaly. This is because
fat has a different density compared to liver parenchyma. The percentage of
liver body weight was measured as follow: liver mouse weight/body weight
mouse *100. It may represent or more relevant measurement, and was
measured in order to know the relative weight. This was done to more
accurately express the extent of hepatomegaly in relation to obesity. In LDLR"
mice, high fat -high sugar diet led to the increase % liver weight gain (5.067% =+
0.18) compared to maintenance diet (3.92% = 0.29) (Figure 4.6). In Vitamin D
supplemented LDLR** group, liver weights were lighter, but not significantly
when expressed as % of body weight. In LDLR** mice liver weight (g) was not
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significantly different compared to maintenance diet mice group. Liver weight
analysis revealed that high fat-high sugar diet led to the increase of liver weight,
and the decrease by supplementing Vitamin D. It suggests that Vitamin D
supplemented diet plays a significant role in diminishing development of diet-

induced hepatomegaly.
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Figure 4-6 Liver weights both in grams (g), and percentage of liver weight (%) in female
mice.

LDLR** and LDLR” mice fed high fat high sugar diet with (58R3 +Vitamin D) and without
Vitamin D (58R3), low fat diet (5LF2) . Results are presented as averages +SD from duplicate
determinations.

4.2.2.4 Analysis of Fat pad weight in experimental male LDLR” mice

The aim was to analyse the development of central obesity, following the
hypothesis that high fat -high sugar diet leads to the increase epididymal fat pad
weight, and Vitamin D plays a role in the decrease of the fat pad weight. Three

male LDLR” mice fed high fat-high sugar diet had greater fat pad weight (g)
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compared to 3 male LDLR” mice fed maintenance diet (Figure 4.7). Fat pad
weight of LDLR” mice with Vitamin D was significantly lower than male LDLR"
mice without Vitamin D (Figure 4.7). The body weight of high fat -high sugar diet
was compared to Vitamin D group mice. The evidence from this study suggests
that fat pad weight measurement, a measure of central obesity, was increased
by high fat diet-high sugar compared to maintenance diet mice group, and most
importantly was less in the supplementary dietary Vitamin D group mice. The
current data highlight the importance of supplementary dietary Vitamin D in the

decrease of central obesity.
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Figure 4-7 The Epididymal fat pad (g) in male LDLR" mice.
LDLR- mice fed high fat high sugar diet with (58R3 +Vitamin D) and without Vitamin D (58R3),
low fat diet (5LF2). Results are presented as averages +SD from duplicate determinations. *p <

0.05, **** p<0.0001 (adjusted p-values).
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4.2.2.5 Histopathology of livers from experimental LDLR”-, and LDLR**
mice on high fat high sugar diet with, and without Vitamin D

The aim of the experiment was to investigate the development of fatty liver
disease and how Vitamin D influences fatty liver changes in LDLR” and
LDLR*/* mice. Sections were prepared from liver, stained with
haematoxylin/eosin, and analysed microscopically.

Evidence of liver steatosis, and inflammation was seen in mice fed high fat diet
high sugar. Vitamin D supplementation led to the amelioration of fatty liver
changes, and inflammation. Macro vesicles were detected in mice fed high fat -
high sugar diet, while in the presence of Vitamin D there were only micro
vesicular changes. Lipid accumulation was observed near the central vein
(zone 3) in mice fed high fat -high sugar diet; however, there was no fatty
changes near central vein in supplemented Vitamin D mice group and

maintenance diet (Figures 4.8, 4.9).

4.2.2.5.1 Haematoxylin and eosin staining

Parts of livers of 16 week old female LDLR” mice, were fixed, paraffin
embedded, and 4um slides were prepared, and stained with haematoxylin, and
eosin. Fifteen mice (6 LDLR™, 6 LDLR** 3 male LDLR") fed high fat diet-high
sugar were compared with seventeen mice fed the Vitamin D supplemented
high fat high sugar diet (7 Female LDLR”, 7 Female LDLR**, and 3 male
LDLR”) and with two controls (LFD mice). Fatty changes were predominately
detected in the absence of Vitamin D. Lipid accumulation was observed near
the central vein (CV) (zone 3) in high fat —high sugar diet in (LDLR”-, LDLR*"*
high fat -high sugar diet (Figures 4.8, 4.9 Panel B), but was more intensive in
LDLR” mice. Contrasting with normal liver (Figures 4.8, 4.9 Panels A), there
are many microvesicular, and macro-vesicular lipid droplets in high fat -high
sugar diet liver mice (Figures 4.8, 4.9 Panels B). Many inflammatory changes
were detected; they might be neutrophilic infiltration or mononuclear cells
around the portal vein producing portal inflammation, or appearing between
cells, where they are called lobular inflammation (Figures 4.8, B). In high fat-
high sugar diet group mice supplemented with Vitamin D, there was less

evidence of steatosis, and inflammation. Fatty changes were microvesicular.
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Macro-and microvesicular fatty changes refer to the size of the observed space
that was occupied by fat prior to paraffin processing. Typically, macrovesicular
fat accumulation is the size of a hepatocyte, while microvesicular accumulation
appear as small droplets in size (Schwen et al., 2016). These are accepted
descriptive terms in histopathological evaluation of livers. Hepatocytes are the
chief functional cells of the liver, and perform an astonishing number of
metabolic, endocrine, and secretory functions. Approximately 80% of the mass
of the liver is made up of hepatocytes. In three dimensions, hepatocytes are
arranged in plates that anastomose with one another. The cells are polygonal in
shape, and their sides can be in contact either with sinusoids (sinusoidal face)
or neighboring hepatocytes (lateral faces). A portion of the lateral faces of
hepatocytes is modified to form bile canaliculi. Microvilli are present abundantly
on the sinusoidal face, and project sparsely into bile canaliculi (Hindley et al.,
2014, Schwen et al., 2016).
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Figure 4-8 Haematoxylin and eosin staining of paraffin embedded liver sections obtained
from LDLR-/- mice.

Representative images, no inflammation, and steatosis (panel, A). Fatty changes in great
amount, microvesicular (blue arrows), macrovesicular (red arrows) (steatosis) and leukocyte
infiltration (lymphocytes) (green- heads) presence of marked fatty changes near CV (zone 3) in
middle column (panel B LDLR” mice fed high fat-high sugar diet). LDLR” supplemented
Vitamin D group mice (panel C). CV, central vein. VD, Vitamin D, 100x. Scale bar represents
100 micron.
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Figure 4-9 Haematoxylin and eosin staining of paraffin embedded liver sections obtained
from LDLR+/+ mice

Representative images. No inflammation, and steatosis in control (panel, A). Fatty changes in
great amount, microvesicular (blue arrows), macrovesicular (red arrows) (steatosis), and
inflammation (green- heads) presence of marked fatty changes near CV (zone 3) in middle
column in high fat —high sugar diet (panel B LDLR**mice fed high fat -high sugar diet). No
steatosis, no fatty changes near zone 3 and no inflammation (Panel C). CV, central vein. VD,
Vitamin D, 100x. Scale bar represents 100 micron.
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Histological scoring system was performed for lobular inflammation and
steatosis (Kleiner et al., 2005). Scoring was performed by two observers who
were blinded to the identity of the slides. Lobular inflammation (score 2) was
seen in high fat diet-high sugar. However, only grade one, and zero was
documented of lobular inflammation in Vitamin D supplemented diet group, and
maintenance diet (LFD) (Tables 4.1 A, 4.2 A). Steatosis scores (ranges from 0O-
to 3) shows that in high fat diet high sugar group appear severe fatty change
(grade 3), while in Vitamin D supplemented diet group mice and control mice,

no grade three was documented (Tables 4.1 B, 4.2 B).
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Table 4.1 Lobular inflammation scores, and steatosis scores in LDLR” mice.

Lobular inflammation (A) scores, and steatosis scores (B) for LDLR" mice fed high fat high
sugar diet with Vitamin D (58R3+VD), and without Vitamin D (58R3) and maintenance diet
(5LF2).

0 No foci 0/6 0/6 2/4
1 Less than 2 4/6 5/6 2/4
2 2-4 2/6 1/6 0/4
3 More than 4 0/6 0/6 0/4

0 Less than 5% 0/6 0/6 3/4
1 5-33% 0/6 5/6 1/4
2 33-66% 2/6 1/6 0/6
3 More than 66% 4/6 0/6 0/6
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Table 4.2 Lobular inflammation scores, and steatosis scores in LDLR+/+ mice.

Lobular inflammation scores (A), and steatosis scores (B) for LDLR+/+ mice fed high fat high
sugar diet with Vitamin D (58R3+VD), and without Vitamin D (58R3) and maintenance diet
(5LF2).

0 No foci 2/6 5/7 2/4
1 Less than 2 4/6 2/7 2/4
2 2-4 0/6 0/7 0/4
3 More than 4 0/6 0/7 0/4

0 Less than 5% 0/6 o/7 0/4
1 5-33% 0/6 5/7 4/4
2 33-66% 1/6 27 0/4
3 More than 66% 5/6 o/7 0/4
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It appears from Haematoxylin, and eosin staining that high fat -high sugar diet
caused steatosis, and inflammation in LDLR”, and LDLR** mice. Steatosis was
seen in all mice (10 mice), but there was greater steatosis in high fat diet-high
sugar, contrasting with less steatosis, and inflammation in the supplementary
dietary Vitamin D group. To investigate liver damage, and influence by Vitamin
D, liver function tests were performed.

4.2.2.6 Liver function

Liver histology showed that high fat diet-high sugar diet caused fatty changes,
and inflammation, and in the presence of Vitamin D less fatty changes were
documented. There are specific enzymes in the liver such as AST (Aspartate
aminotransferase; also known as glutamate-oxaloacetate transaminase GOT),
and ALT (alanine transaminase; also called glutamate-pyruvate transaminase
GPT). AST, and ALT localisation are present as a cytoplasmic, or soluble
isoenzyme, and a mitochondrial isoform. ALT activity is located in the cytosol.
Both AST, and ALT are present equally in hepatic cell cytoplasm (Botros and
Sikaris, 2013). AST, and ALT are measurement markers of hepatocellular
damage, and are increased in high fat diet given to mice (Meli et al., 2013).
After 10 weeks of high fat diet-high sugar diet with and without Vitamin D, there
was significant increase of AST in LDLR” mice fed high fat diet-high sugar diet
compared to Vitamin D supplemented diet group mice. LDLR** mice fed high
fat diet-high sugar also showed elevation of AST compared to Vitamin D
supplemented diet group though differences were not significant. The
enzymatic activity of ALT had a tendency to elevate in high fat diet-high sugar
group compared to LDLR” mice Vitamin D supplemented diet group (Figure
4.10, A). LDLR** mice, ALT has also had a tendency to increase in high fat diet-
high sugar group compared to LDLR’ mice Vitamin D supplemented diet
(Figure 4.10, B). This is the first study to demonstrate the effect of high fat diet-
high sugar diet on hepatic damage markers, which were normalised by
supplemented dietary Vitamin D containing diet in LDLR”-and LDLR** mice. To
understand how high fat diet-high sugar diet affects insulin levels as a measure

of developing insulin resistance, insulin ELISA was tested.
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Figure 4-10 The effect of high fat high sugar diet with and without Vitamin D diet on liver
function.

Female LDLR” mice fed high fat high sugar diet with Vitamin D (58R3 +VD) and without
Vitamin D (58R3), low fat diet (5LF2) (AST, Panel A), (ALT, Panel B). Results are presented as
averages +SD from triplicate determinations. "p < 0.05, "p < 0.01, ™p < 0.005 (adjusted p-
values), n.s=no significant.
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4.2.2.7 Effect of Vitamin D on insulin level, and chronic glycaemia

Because high fat diet- high sugar diet led to increased body weight and fat pad
weight, an insulin ELISA test was performed in order to investigate whether
high fat diet-high sugar diet affects insulin level, and to know whether Vitamin D
supplemented diet (at the dose applied) normalises this level. Insulin levels
have been shown to be increased in circulation in mice given high fat diet
compared to control mice (Ha and Chae, 2010). Besides the insulin ELISA test,
adiponectin protein measurement was performed. This is because adiponectin
levels are reciprocal to insulin levels. A study reported that adiponectin deficient
mice developed insulin resistance, because circulating adiponectin inhibited
both the expression of hepatic gluconeogenic enzymes and the rate of
endogenous glucose production (Kadowaki et al., 2006). After 10 weeks, insulin
level increased in LDLR” mice fed high fat diet-high sugar diet compared to
Vitamin D supplemented diet group. In LDLR** mice high fat diet-high sugar led
to the elevation of insulin compared to Vitamin D group. The adiponectin level
decreased in high fat diet-high sugar group, but returned to normal levels in
LDLR” mice fed Vitamin D (Figure 4.11, A). In LDLR** mice, adiponectin was
also decreased in high fat diet-high sugar group , but significantly increased in
LDLR” mice fed Vitamin D supplemented diet (Figure 4.11, B). These findings
suggest that in general high fat diet-high sugar caused the increase of insulin
level which was normalised by supplementary dietary Vitamin D containing diet
in LDLR”-and LDLR** mice.

In order to investigate blood glucose level, serum samples were measured
using a clinical glucose meter, but this proved not to be accurate, due to past
hemolysis of the samples. The difference in glucose levels between
maintenance diet and high fat diet mice obtained in a previous measurement
using non hemolysed plasma samples could not be reproduced. Recently,
blood glucose measurement was performed in whole blood in tenth week for
LDLR” and LDLR** mice with and without Vitamin D supplemented diet, there
were no difference in blood glucose measurement, but there was a big variation
between samples (data not shown). A naturally occurring deletion of exons 7-11
in the nicotine amide nucleotide transhydrogenase gene in C57BL/6 mice from

the Jackson Laboratories (C57BL/6J) results in impaired glucose—stimulated
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insulin secretion (Freeman et al., 2006). This is the reason for not doing glucose
tolerance test. To monitor glucose binding to haemoglobin, haemoglobin A1C
(HbAlc) was performed (Figure 4.11, C). The result showed that mice given
high fat high sugar with Vitamin D supplemented diet led to the reduction of
HbAl compared to mice given high fat high sugar without Vitamin D.
Noticeably, in LDLR” mice given high fat high sugar HbAlc was higher
compared to LDLR** mice. It appears that Vitamin D plays a significant role in
the decrease HbAlc and the risk to develop diabetes is higher in LDLR”- mice
compared to LDLR** mice. To understand how high fat diet-high sugar diet
affects inflammation expression of specific genes related inflammation was

tested.
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Figure 4-11 The effect of mice fed high fat high sugar diet with, and without Vitamin D
diet on insulin, adiponectin, and HbAlc test.

Female LDLR’ mice fed high fat high sugar diet with Vitamin D (58R3 +VD) and without
Vitamin D (58R3), low fat diet (5LF2) (insulin, Panel A), (adiponectin, Panel B), (HbAlc, Panel
C). Results are presented as averages +SD from triplicate determinations. ™p < 0.01, ™p <
0.005, "™p < 0.0001 (adjusted p-values).
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4.2.2.8 Anti-inflammatory effect of Vitamin D

Because of the presence of inflammatory cells in liver histopathology (Figure
4.12, B), gPCR for hepatic TNF-a, and IL-6 was performed, mRNA was
prepared from livers of high fat diet mice with, and without Vitamin D and
maintenance diet mice in LDLR” and LDLR** groups, and used for cyclic
amplification.  Expression of GAPDH (glyceraldehyde 3-phosphate
dehydrogenase) was analysed for normalising amplifications of interest.
Candidate inflammatory markers are TNF-q, involved in monocyte attraction,
and IL-6 (Hursting and Hursting, 2012) involved in monocyte attraction. TNF-q,
liver mRNA expression had a tendency to have lower from mice fed the Vitamin
D supplemented high fat high sugar diet and higher in high fat -high sugar diet
group mice (Figure 4.12, A). IL-6, liver mRNA expression was significantly lower
from mice fed the Vitamin D supplemented high fat high sugar diet and higher in
high fat -high sugar diet group mice (Figure 4.12, B). To further investigate the
anti-inflammatory role of Vitamin D, ELISA test for IL-6 was performed in serum
mice. IL-6 protein levels confirmed the hepatic gene expression of IL-6, and
showed that the presence of Vitamin D led to the decrease of IL-6 protein in
LDLR" mice compared to high fat -high sugar diet compared to high fat -high
sugar diet (4.12, C). These current data highlight the importance of
supplementary dietary Vitamin D in an anti-inflammatory role in the liver. To
further understand the role of Vitamin D as anti-inflammation, endotoxin was

measured.
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Figure 4-12 The effect of mice fed high fat high sugar diet with, and without Vitamin D
diet on hepatic gene expression of TNF-a, IL-6, and ELISA IL-6.

Female LDLR”- and LDLR*"* mice fed high fat high sugar diet with Vitamin D (58R3 +VD) and
without Vitamin D (58R3), low fat diet (5LF2) (hepatic gene expression of TNF- a, Panel A),
(hepatic gene expression of IL-6, female LDLR”- only, Panel B), (ELISA IL-6, Panel C). Results
are presented as averages +SD from triplicate determinations. “p < 0.05, ™p < 0.005, (adjusted

p-values), n.s=no significant.
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4.2.2.9 Effect of Vitamin D on serum endotoxin

High fat diet-high sugar diet may affect intestinal permeability, therefore TLR4
MRNA expression and endotoxin were measured. A high fat diet increased
translocation of LPS into the blood and this led to higher endotoxin level in
NAFLD patients compared to controls (Harte et al., 2010). For this reason,
TLR4, and endotoxin were measured in parallel. Vitamin D may modulate gut
permeability (Garg et al., 2012). Hepatic mMRNA was prepared from livers of
high fat-high sugar diet mice, with, and without Vitamin D, and from mice on the
maintenance diet. Our results showed that TLR4 mRNA was significantly
higher in LDLR”-and LDLR** mice fed high fat -high sugar diet compared to the
Vitamin Ds supplemented group (Figure 4.13, A). Endotoxins were also
significantly higher in high fat -high sugar diet compared to Vitamin D group in
both LDLR” and LDLR** mice (Figure 4.13, B). This result suggests that
supplementary dietary Vitamin D prevents intestinal leakage. To understand the

anti-steatosis effect of Vitamin D, srebp-1c as steatosis marker was performed.
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Figure 4-13 The effect of mice fed high fat high sugar diet with, and without Vitamin D
diet on hepatic gene expression of TLR4 and serum endotoxin level.

Female LDLR"- and LDLR**mice fed high fat high sugar diet with Vitamin D (58R3 +VD) and
without Vitamin D (58R3), low fat diet (5LF2) (hepatic gene expression of TLR4, Panel A),
(Endotoxin level, Panel B). Results are presented as averages =SD from triplicate
determinations. "p < 0.05, "p < 0.01, p < 0.0001 (adjusted p-values), n.s=no significant.
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4.2.2.10 Anti-steatosis effect of Vitamin D

Elevated sterol regulatory element binding protein (SREBP), a lipogenic
transcription factor, contributes to the development of fatty liver, and insulin
resistance in animals (Cui and Jia, 2013). In this study, mRNA for this
transcription factor was analysed. Hepatic gene expression of Srebp-1c
increased significantly in high fat-high sugar diet compared to mice fed the
Vitamin D supplemented high fat high sugar diet in both LDLR” and LDLR**
mice (Figure 4.14). The empirical findings in this study provide a new
understanding of supplementary dietary Vitamin D plays a significant role in the

prevention of steatosis.
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Figure 4-14 The effect of mice fed high fat high sugar diet with, and without Vitamin D
diet on hepatic gene expression of Srebp-1c.

Female LDLR" and LDLR**mice fed high fat high sugar diet with Vitamin D (58R3 +VD) and
without Vitamin D (58R3), low fat diet (5LF2) on hepatic gene expression of Srebp-1c. Results
are presented as averages +SD from triplicate determinations. *p < 0.05, ™p < 0.01 (adjusted p-
values),n.s=no significant.

In order to investigate how mice fed high fat high sugar diet with, and without
Vitamin D affect features of metabolic syndrome, triglyceride, and NEFA were

measured.
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4.2.2.11 The effect of mice fed high fat high sugar diet with, and

without Vitamin D on manifestation of metabolic syndrome

The increase of non-esterified fatty acids (NEFAS) in obese situation was
documented to contribute to the development of various disturbances related to
the metabolic syndrome, such as hepatic and peripheral insulin resistance, and
dyslipidaemia (Sarafidis and Bakris, 2007). Because liver histology showed in
high fat diet -high sugar diet signs of steatosis, and no steatosis, and less strep-
1c in the Vitamin D treated group, NEFA, and triglyceride were tested in serum
samples. Our result showed that triglycerides were significantly higher in LDLR-
"and LDLR** mice fed high fat-high sugar diet compared to Vitamin D
supplemented group (4.15, A). NEFA levels were significantly higher in high fat-
high sugar diet compared to Vitamin D group in both LDLR” and LDLR** mice
(4.15, B). These results highlight that supplementary dietary Vitamin D prevents
metabolic syndrome disease by reducing of triglyceride, and NEFA serum level.
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Figure 4-15 The effect of mice fed high fat high sugar diet with, and without Vitamin D
diet on triglyceride (TG) and NEFA serum level.

Female LDLR” and LDLR**mice fed high fat high sugar diet with Vitamin D (58R3 +VD) and
without Vitamin D (58R3), low fat diet (5LF2) on triglyceride (TG) (Panel A) and NEFA (Panel B)
serum level . Results are presented as averages +SD from triplicate determinations. “p < 0.05,
“p <0.01, ™p < 0.005 (adjusted p-values),n.s=no significant.
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4.2.2.12 Effect of Vitamin D on lipid peroxidation product levels, and

vascular adhesion molecular mRNA expression

The enhancement of oxidative stress combined with endothelial dysfunction as
indicated by reduced activity of endothelial nitric oxide pathway, and enhanced
expression of SVCAM-1 play an important intermediary role in the pathogenesis
of macrovascular complications in type 2 diabetes mellitus (Singhania et al.,
2008).

We hypothesised that high fat-high sugar diet influences formation of
malondialdehyde (MDA), and that Vitamin D prevents MDA initiation.
Thiobarbituric acid (TBA) detects MDA, an end product of nonenzymatic
polyunsaturated fatty acid (PUFA) oxidative degradation, which has therefore
been used for decades as a marker of lipid peroxidation (Gutteridge et al.,
1982). Lipid peroxidation is tightly linked to high fat diet and obesity (Johnson et
al., 2007). Diet-induced obesity is associated with an increase in the formation

of lipid peroxidation-derived aldehydes (Baba et al., 2011).

MDA increased significantly in mice on high fat -high sugar diet compared to
mice fed the Vitamin D supplemented high fat high sugar diet in both LDLR"
and LDLR** mice (Figure 4.16, A). It can be concluded that that Vitamin D plays
a significant role in preventing MDA production. The present study confirms
previous findings, and contributes additional evidence that MDA increases in
high fat diet. To investigate the effect of aortic endothelium and to see the
relationship of adhesion molecule expression to initiation factors and the sites of
lesion formation, VCAM-1 (vascular cell adhesion molecule-1) gene expression
was measured in aorta and atria of mouse hearts of mice fed the vitamin D
supplemented high fat high sugar diet. The result showed that supplementary
dietary Vitamin D may play a role in the decrease of VCAM-1 gene expression
(Figure 4.16, B). The findings of this experiment could be applied to understand
how Vitamin D might prevent atherosclerosis.
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Figure 4-16 The effect of mice fed high fat high sugar diet with, and without Vitamin D
diet on serum MDA level and aortic Vcam-1 mRNA expression.

Female LDLR" and LDLR**mice fed high fat high sugar diet with Vitamin D (58R3 +VD) and
without Vitamin D (58R3), low fat diet (5LF2) on MDA serum level (Panel A) and Vcam-1 mRNA
expression (Panel B). Results are presented as averages +SD from triplicate determinations.
*p < 0.005, " p < 0.0001 (adjusted p-values).
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4.2.2.13 Vitamin D influences macrophage phenotypes in vivo (M2)

4.2.2.13.1 Immunohistochemistry for F4/80 (pan macrophage marker)
The main aim of performing immunohistochemistry for F4/80, as a macrophage
marker was to detect macrophages in liver (Kurokawa et al., 2011), in mice fed
high fat high sugar diet with and without Vitamin D, and to generate a working
protocol that could be applied for M2 characteristic receptor expression such as
CD206. Positive cells were detected (Figure 4.17, B) in both high fat-high sugar
diet and the Vitamin D supplemented high fat high sugar diet group mice , and
then positive cells were counted independently by two persons. To evaluate
possible infiltration, the number of positive cells was expressed as means from
the evaluated grids. The observation from this measurement was that in high fat
-high sugar diet fed mice there were more F4/80 positive cells compared to
Vitamin D supplemented group although not significantly different (Figure 14.17,
C). To further investigate Vitamin D role as M1 activity, and M2 macrophage
activity, mRNA gene expression of INOS (M1 macrophage activity), and
Arginase-1 (M2 macrophage activity) was performed.
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Figure 4-17 Immunohistochemistry of liver paraffin sections of mice fed high fat high
sugar diet with, and without Vitamin D.

Female LDLR’ mice fed high fat high sugar diet with Vitamin D (58R3 +VD) and without
Vitamin D (58R3) on immunohistochemistry F4/80 macrophage marker. F4/80positive cells
(Panel B), Negative control (Panel B), number of F4/80 positive cells per five square mm,
approximately 500 cells (Panel, C), blue arrows indicate F4/80 positive macrophage, x40.
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4.2.2.13.2 Effect of Vitamin D on gene expressions characteristic of M1,
and M2 activity
To investigate the effect of Vitamin D on macrophage activity so gene
expression of INOS (marker of M1 macrophage activity), and Arginase-1
(marker of M2 macrophage activity) of spleen, and liver were performed
(Sharda et al., 2011). Mice fed high fat diet showed a significant increase of
INOS (Liu et al., 2015). My results showed the increase of INOS MmRNA
expression, and the decrease of Arginase-1 mMRNA expression in spleens from
high fat -high sugar diet mice group; however, in mice fed the Vitamin D
supplemented high fat high sugar diet group, a lower level of INOS mRNA, and
inversely, a higher level of Arginase-1 mRNA were found (Figure 4.18, A, B). In
order to further investigate the effect of Vitamin D on the presence of M2 type
macrophages, hepatic mMRNA expression was performed for both candidate
genes. The result showed also in liver, mRNA expression of INOS in high fat
high sugar diet was significantly higher compared to the Vitamin D
supplemented high fat high sugar diet (Figure 4.19, A). Interestingly, arginase-1
in livers from the Vitamin D supplemented high fat high sugar diet was
significantly higher compared to high fat -high sugar diet (Figure 4.19, B).
Prussian blue staining was performed as an alternative measure of M1 activity,
and splenocytes were stained to compare Vitamin D supplemented high fat high

sugar diet, and high fat -high sugar diet.
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Figure 4-18 The effect of mice fed high fat high sugar diet with, and without Vitamin D
diet on splenic gene expression of iINOS and Arginase -1.

Female LDLR” mice fed high fat high sugar diet with Vitamin D (58R3 +VD) and without
Vitamin D (58R3), low fat diet (5LF2) on hepatic gene expression of INOS (Panel A), Arginase-1
(Panel B). The data are represented as means * SD (*p<0.05, **p<0.01).
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Figure 4-19 The effect of mice fed high fat high sugar diet with, and without Vitamin D
diet on hepatic gene expression of iINOS and Arginase -1.

Female LDLR" and LDLR**mice fed high fat high sugar diet with Vitamin D (58R3 +VD) and
without Vitamin D (58R3), low fat diet (5LF2) on hepatic gene expression of INOS (Panel A),
Arginase-1,only LDLR**mice (Panel B). Results are presented as averages +SD from triplicate
determinations. "p < 0.05, “p < 0.01, ™p < 0.005 (adjusted p-values), n.s=no significant.
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4.2.2.13.3 Prussian blue staining

Prussian blue staining represents a surrogate marker of macrophage activity
(intracellular iron storage = antimicrobial, M1 feature). Tissue sections are
treated with hydrochloric acid to denature the binding proteins of the
haemosiderin molecule, and thereby release ferric (3+) ions. Potassium
ferrocyanide was then introduced. The ferric ions combine with this solution,
resulting in the formation of ferric ferrocyanide, an insoluble bright blue pigment.
Splenocytes were prepared in vitro and reviewed under the microscope (40x).
On average, 300 cells were counted per group, and % calculated. The result
showed a highly significant amount of positive cells in high fat-high sugar diet
compared to mice fed the Vitamin D supplemented high fat-high sugar diet
group mice (Figure 4.20, B). It can be concluded that functional Prussian blue
staining matches iINOS/arginase ratio in liver. This finding shows that Vitamin D
plays an important role in the decrease of M1 activity, and the increase of M2

activity.
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Figure 4-20 Prussian blue staining of splenocytes of mice fed high fat high sugar diet
with, and without Vitamin D.
LDLR mice splenocytes on average 300 cells were counted per genotype, and % calculated

(x40). Blue arrow indicates positive cells, and red arrow indicates negative cell (Panel A).
Positive Prussian blue staining in high fat -high sugar diet compared to mice fed high fat high
sugar diet with Vitamin D group (Panel B). The data are represented as means = SD (Unpaired
t test ™p < 0.005).
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4.2.2.14 Effect of Vitamin D on candidate genes involved in
cholesterol metabolism (SR-B1, HMGCR, PPAR-y)

Next, the influence of high fat—high sugar diet on the expression of genes
involved in cholesterol metabolism was tested. Scavenger receptor-1 (SR-B1)
(cholesterol uptake) upregulation is associated with development of NAFLD
(Qiu et al., 2013). HMGCR (3-hydroxy-3-methylglutaryl-co-enzyme a reductase)
(cholesterol synthesis) expression is increased by free cholesterol, and
dysregulation is related to NAFLD, and atherosclerosis (Min et al., 2012). Our
results showed that hepatic mMRNA expression of SR-B1 increased in high fat
diet-high sugar compared to Vitamin D group mice in LDLR** mice, although in
LDLR” mice the increase was not significantly different (Figure 4.21, A. The
results showed that hepatic mRNA expression of HMGCR increased in high fat
diet-high sugar compared to Vitamin D group mice in LDLR” mice and LDLR**
mice (Figure 4.21, B).

PPAR-y (cholesterol regulation) increased due to oxidized LDL, and it has anti-
inflammatory role (Shalhoub et al., 2011), consistent with M2 property in the
presence of Vitamin D (Vitamin D R-PPAR gamma pathway) (Yin et al., 2015).
Hepatic mRNA expression of PPARy was significantly lower in LDLR” mice fed
high fat —high sugar diet supplemented with Vitamin D (Figure 4.21, C). These
results concluded that high fat-high sugar caused the increase of mMRNA
expression of genes involved in cholesterol synthesis, and dysregulation of
cholesterol, and it was prevented by supplement Vitamin D to mice group. In
order to see the Vitamin D effect on adipocyte protein expression, therefore,

protein array was performed.
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Figure 4-21 The effect of mice fed high fat high sugar diet with, and without Vitamin D
diet on hepatic gene expression of genes involved in cholesterol metabolism.

Female LDLR”- and LDLR** mice fed high fat-high sugar diet with Vitamin D (58R3 +VD) and
without Vitamin D (58R3), low fat diet (5LF2) on hepatic gene expression of SR-B1 (scavenger
receptor class bl) (Panel A), HMGCR (3-hydroxy-3-methylglutaryl-co-enzyme A reductase),
(Panel B), PPAR-y (Panel C). Results are presented as averages *SD from triplicate
determinations. "p < 0.05, “p < 0.01 (adjusted p-values), n.s=no significant.
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4.2.2.15 Effect of Vitamin D on abundance of adipokinins in

epididymal fat pads

The main purpose to perform microarray was to see the effect of high fat diet—
high sugar in the presence, and absence of Vitamin D. Vascular endothelial
growth factor (VEGF), which is also act as proinflammatory cykines by
increasing endothelial permeability, stimulated expression of intercellular
adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1),
ICAM-1 (intracellular adhesion molecular -1) (Kim et al., 2001). The increase of
endothelial adhesion molecules (VCAM-1, ICAM-1) may develop
Atherosclerosis, diabetes, and hypertension in obese people (Ferri et al., 1999).
Our result showed that VEGF, VCAM-1, ICAM-1 had a tendency to have higher
in mice fed high fat diet group compared to supplemented Vitamin D high fat—
high sugar diet group. Serum RBP4 (Retinol binding protein 4) correlated
positively with presence of insulin resistance in individuals with obesity (Graham
et al., 2006). My result showed that RBP4 protein had a tendency to increase in
mice fed high fat diet group compared to supplemented Vitamin D high fat—high

sugar diet group.

DPPIV (Dipeptitidyl peptidase | V), inhibition caused the prevention diabetes
and insulin resistance in mice fed high fat diet (Conarello et al., 2003). Our
result showed that mice fed high fat-high sugar diet supplemented with Vitamin
D had a tendency to have less DPPIV protein presence compared to no-Vitamin
D diet group mice. Fetuin A is increased in obesity, and diabetes (Trepanowski
et al., 2015), IGFBP-3, 5, 6 (Insulin like growth factor binding protein-3, 5, 6)
(Shimasaki and Ling, 1991) and C-reactive protein (Fronczyk et al., 2014) are
elevated during obesity and diabetes. In conclusion it can be said that proteins
involved in fibrosis, steatosis and inflammation are increased in adipose tissue
of mice given high fat diet (Figures 4.22). There was a marked decrease of
these proteins in adipose tissue of mice given high fat diet plus Vitamin D.
Adiponectin, resistin, and lipocalin remained the same between the pooled

samples (n=2).
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Figure 4-22 Mouse adipokine array detects multiple protein analyses in adipose tissue of
mice.

Proteome profile mouse adipokine array in mice fed high fat-high sugar diet with supplanted
Vitamin D (58R3+VD), mice fed high fat high sugar diet without Vitamin D (Panel A), mice fed
high fat high sugar diet without Vitamin D vs with Vitamin D (Panel B). Adipose tissues were
excised and prepared as described in the adipose tissue array preparation.
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4.2.2.16 Effect of Vitamin D on functional complement activation

ELISAs (classical, and alternative pathway activation)

The aim was to study whether Vitamin D plays a significant role in the decrease
of classical, and alternative pathway activation in vivo. Because oxidized LDL
caused classical complement activation in human serum (Saad et al., 2006), we

tested classical pathway activation in serum of mice at the level of C9.

Our results showed that LDLR** mice fed the Vitamin D supplemented high fat-
high sugar diet had higher residual activity of the classical pathway compared to
high fat high sugar diet without Vitamin D (Figure 4.23, A). The elevation of
residual activity in mice given high fat high sugar diet supplementary Vitamin D
is the result of preserving activity in vivo. LDLR” mice had lower classical

residual activity compared to LDLR** mice.

In a study comparing obese versus lean people, chylomicrons were higher and
more enriched with LPS in obese people when compared with lean people
(Vors et al., 2015). Chylomicron accelerates C3 tick-over by regulating the role
of factor H, leading to the overproduction of ASP resulting in acceleration of
alternative pathway activation (Fujita et al.,, 2007). Our previous resulted
showed more triglycerides (TGs), endotoxins in high fat—high sugar and low
TGs in mice treated with Vitamin D. LDLR” mice had lower residual activity of

the alternative pathway of complement compared to LDLR** mice

Our results showed that mice fed the Vitamin D supplemented high fat-high
sugar diet had higher residual complement activities of the alternative pathway
compared to the high fat high sugar diet without Vitamin D (Figure 4.23, B).
The Vitamin D intervention is likely to exert its effect on classical, and
alternative pathway indirectly (via increase of residual activity in Vitamin D
group compared to high fat- high sugar diet).
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Figure 4-23 The effect of mice fed high fat high sugar diet with, and without Vitamin D
diet on functional complement residual activities.

Female LDLR" and LDLR**mice fed high fat high sugar diet with Vitamin D (58R3 +VD) and
without Vitamin D (58R3), low fat diet (5LF2) (percentage of complement classical pathway
activation (Panel A), percentage of alternative pathway activation (Panel B). Results are
presented as averages =SD from triplicate determinations. “p < 0.01, ™p < 0.005 (adjusted p-
values).. CP=classical pathway, AP=complement alternative pathway, n.s=no significant.
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To summarise this section, body weight increased significantly in LDLR”- mice
fed high fat -high sugar diet compared to LDLR”- fed LFD stable weight, but as
far as Vitamin D group was concerned mice tended to show less body weight
gain or stability so as not to get overweight. However, LDLR** mice fed high fat-
high sugar diet had significantly greater body weight when compared to LDLR**
mice, and Vitamin D supplemented diet group mice increased the percentage
body weight gain significantly compared to high fat -high sugar diet group mice.
Taken together, the most striking result is that the two backgrounds behave
differently to Vitamin D, and LDLR” are heavier on maintenance diet. Liver
weight analysis revealed that high fat -high sugar diet led to the increase of liver
weigh which was reduced by supplementary Vitamin D. These suggests that in
LDLR** mice fed high fat high sugar diet, supplementary Vitamin D played a

significant role in diminishing development of diet-induced hepatomegaly.

The evidence from this study suggests that fat pad weight measurement was
increased by high fat diet-high sugar compared to maintenance diet mice group,
and most importantly was less in the supplementary dietary Vitamin D group
mice. These data highlight the importance of supplementary dietary Vitamin D
in the decrease of central obesity. Haematoxylin eosin staining showed that
high fat -high sugar diet caused steatosis, and inflammation in LDLR”, and
LDLR** mice. Steatosis was seen in high fat-high sugar diet mice, and in the
supplementary dietary Vitamin D there was less steatosis, inflammation, and
systemically also less pronounced measures of metabolic syndrome were
detected. The empirical findings in this study provide a new understanding of
the role that supplementary dietary Vitamin D plays in the role in the prevention
of steatosis, and lipid peroxidation. To investigate liver damage, and the
influence on it of Vitamin D, liver function tests were performed. The effect of
high fat -high sugar diet caused the increase of hepatic damage markers
(raised liver enzymes), and this was normalised by supplementary dietary
Vitamin D containing diet in LDLR” and LDLR** mice. In mice, high fat -high
sugar diet caused the increase of insulin resistance. This was shown by high
insulin level, and low Adiponectin level, and was normalised by supplementary
dietary Vitamin D containing diet in LDLR” and LDLR** mice. The current data

highlight the importance of supplementary dietary Vitamin D in an anti-
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inflammatory role, and also supplementary dietary Vitamin D may prevent
intestinal leakage by decreasing endotoxin level. The result showed that
supplementary dietary Vitamin D plays a major role in the decrease of Vcam-1
gene expression. It was shown that in high fat -high sugar diet mice, there were
more F4/80 positive cells compared to Vitamin D supplemented group although
not significantly different, Arginase-1 in hepatic mice fed the Vitamin D
supplemented high fat high sugar diet was significantly higher compared to
LDLR** mice fed high fat -high sugar diet, and also iINOS MmRNA hepatic
expression mice fed the Vitamin D supplemented high fat high sugar diet was
significantly lower compared to LDLR** mice fed high fat -high sugar diet. This
finding suggests that Vitamin D plays an important role in the decrease pro
inflammatory activity (M1-macrophages), and the increase anti-inflammatory
macrophages (M2 Microphages). Vitamin D supplemented group mice diet led
to the decrease of mMRNA expression of genes involved in cholesterol synthesis,
and dysregulation of cholesterol. Vitamin D supplementation also resulted in the
decrease of functional complement activation classical, and alternative pathway
activation. It also can be concluded that adipocyte protein presence which are
involved in fibrosis, steatosis, and inflammation are decreased in adipose tissue
of mice given high fat diet supplemented with Vitamin D compared to mice

given high fat diet without Vitamin D supplementation.
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4.2.3 The effects of Vitamin D3 as a nutraceutical during high

fat diets on Five weeks’ diets

The main reason for performing the diet study in only five weeks was to
investigate whether mice get fatty liver disease by this time. This would deliver
a study of refinement, following best practice which could be adopted by others.
Mice were given high fat high sugar diet for 5 weeks with, and without Vitamin D
(58R3+ Vitamin D). Age matched female LDLR”, female LDLR**, and male
LDLR"") were analysed.

4.2.4 Effect of Vitamin D on Fatty liver disease in male mice
Eight mice (four male LDLR”) were given high fat-high sugar diet (58R3) for 5
weeks, and (four male LDLR”") were given Vitamin D supplemented high fat
high sugar diet (58R3+Vitamin D).

4.2.4.1 Histopathology of livers from male LDLR” mice in relation to
Vitamin D

4.2.4.1.1 Electron microscopic analysis

This analysis was qualitative in nature, but individual lipid droplets were
measured as part of the documentation of findings. Large lipid droplets were
seen in mice fed high fat-high sugar diet (Figure 4.25, A), but in mice given high
fat-high sugar diet with Vitamin D no large, only small, droplets were seen
(Figure 4.25, B).

Megamitochondria are features of fatty liver disease (Ahishali et al., 2010).
Megamitochondria are present mostly in hepatocytes with microvesicular
steatosis. The reason for this is still poorly understood, but the enlarged
organelles may be the result of injury from lipid peroxidation, or may represent
an adaptive change (Takahashi and Fukusato, 2014). Our result showed that
mega mitochondria were observed in mice fed high fat-high sugar diet (Figure
4.26, ( A), Figure 4.27), while in mice fed high fat high sugar diet with Vitamin D
only small mitochondria were observed (Figure 4.26, B). According to Schonthal

and colleagues, dilated, blebby, and more prominent distribution of rough
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endoplasmic reticulum appeared due to endoplasmic reticulum stress
(Schonthal, 2012). These were seen in mice fed high fat high sugar diet group
(Figure 4.27). In obese-state, chronic enrichment of mitochondria —contacted
endoplasmic membranes leads to mitochondrial dysfunction (Arruda et al.,
2014). Mice fed high fat-high sugar appeared deformed nucleus (Figure 4.28,
A), and lobular inflammation with sinusoids (Figure 4.28, B).

Figure 4-24 Electron micrograph showing lipid droplets from livers of mice fed high fat
diet with, and without Vitamin D.

Mice given high fat-high sugar diet without supplemented Vitamin D for five weeks (panel A). In
a mouse fed high fat high sugar diet with Vitamin D for 5 weeks (panel B). Large fat droplets
(orange arrows), a smaller fat droplet (blue arrow). N=nucleus. X8000. Representative images
are shown.
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Figure 4-25 Electron micrograph showing mitochondria from livers from mice fed high
fat-high sugar diet with, and without Vitamin D.

Mice given high fat —high sugar diet without supplemented Vitamin D for five weeks (panel A).
Mice given high fat —high sugar diet supplemented with Vitamin D for five weeks (panel B).
Megamitochondrion in the cytoplasm of a hepatocyte (orange arrows), normal mitochondria
(black arrow), X8000, Representative images are shown.

134



Figure 4-26 Electron micrograph showing mega mitochondria from livers of mice fed
high fat -high sugar diet without Vitamin D.
Megamitochondrion (orange arrows), rough endoplasmic reticulum (blue arrow). X8000
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Figure 4-27 Electron micrograph showing nuclei from livers of mice fed high fat-high

sugar without Vitamin D.
A deformed nucleus appeared, N=nucleus (A) (orange arrow), lobular inflammation within

sinusoid (B) (blue arrow). X8000.
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4.2.4.1.2 Haematoxylin eosin staining of livers

Parts of livers from all mice were fixed, paraffin embedded, and 4 pm slides
were prepared, and stained with haematoxylin and eosin. Fatty changes were
predominately detected in the absence of Vitamin D. Lipid accumulation was
observed near central vein (zone 3) in middle column in high fat —high sugar
diet in (LDLR”, LDLR** 58R3, Figure 4.29, A), but more intensive in LDLR"
mice. Contrasting with vitamin D group (Figure 4.29, B), there were many
microvesicular, and macro-vesicular lipid droplets in mice fed high fat high
sugar diet (Figure 4.29, A). It can be said that in high fat-high sugar diet
supplemented with vitamin D, there was less evidence of steatosis, and
inflammation except some microvesicular fatty changes. Macro-and
microvesicular fatty changes refer to the size of the observed space that was
occupied by fat prior to paraffin processing. Typically, macrovesicular fat
accumulation is the size of a hepatocyte, while microvesicular accumulation
appear as small droplets in size. These are accepted descriptive terms in

histopathological evaluation of hepatocytes (Schwen et al., 2016).
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58R3 + Vitamin D

Figure 4-28 Haematoxylin and eosin staining of paraffin embedded liver sections
obtained from mice.

Mice given high fat-high sugar diet without supplemented Vitamin D for five weeks (panel A)
mice given high fat-high sugar diet without supplemented Vitamin D for five weeks (panel B).
Representative images of male mice, microvesicular (blue arrows), macrovesicular (red arrows)
(steatosis). CV, central vein 200x. Scale bar represents 100 micron.

The current data from Haematoxylin eosin staining highlight that male, LDLR"

mice given high fat high sugar diet for five weeks developed steatosis.
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4.2.4.2 Body weight, and fat pad weight percentage

In fat pad % body weight (g) which was measured as follow: fat pad mouse
weight/body weight mouse *100.There were no significant differences between
high fat diet with and without Vitamin D group mice in male and female mice,
but the tendency of fat pad weight was lower in male LDLR- mice given Vitamin
D compared to high fat-high sugar diet (Table 4.3). The low fat diet (control
group) had significantly lower percentage body weight gain in female mice

compared to high fat high sugar diet (Table 4.4).

4.2.4.3 Effect of Vitamin D on Liver function

The previous ten-week diet study revealed that Vitamin D prevented liver
damage based on ALT, and AST levels. To investigate liver damage, and
influence of Vitamin D in five weeks diet, liver function tests were performed.
This is the first study to be performed over five weeks to establish a model of
metabolic syndrome by giving high fat-high sugar diet, and to investigate the
prevention of liver damage by Vitamin D supplemented diet. Male mice LDLR"
given high fat-high sugar for five weeks showed an increase of liver
transaminases compared to mice given high fat-high sugar diet supplemented
with Vitamin D for five weeks. Therefore, the effect of high fat-high sugar diet
caused the increase of hepatic damage markers, and this was normalised by
supplementary Vitamin D containing diet for five weeks in male LDLR” mice
(Table 4.3).
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4.2.4.4 Effect of Vitamin D on endotoxin level, and inflammation

Lower level of endotoxin and Il-6 were detected in male LDLR” and female
LDLR”-, LDLR** mice given high fat-high sugar diet supplemented with Vitamin
D compared to mice given high fat-high sugar diet. The current data highlight
the importance of supplementary dietary Vitamin D in an anti-inflammatory role,
and supplementary dietary Vitamin D prevents endotoxin formation in five
weeks (Table 4.3). Vitamin D might prevent intestinal leakage in five weeks

mice given high fat-high sugar diet.

4.2.4.5 Effect of Vitamin D on Metabolic syndrome

At ten weeks, mice given high fat-high sugar diet developed metabolic
syndrome, based on increased weight, elevated insulin levels, deranged liver
transaminases and hypertriglyceridemia. High fat—high sugar diet supplemented

with Vitamin D was significantly less of a strain on overall metabolism.

Five weeks’ duration was chosen based on the refinement idea to make a
model in five weeks instead of ten weeks. Thereby, reaching the same scientific
conclusion in less time, mice were on a regulated procedure for a shorter
period, and thereby suffered less. In five weeks, mice fed high fat-high sugar
diet developed the increase of insulin resistance. This is demonstrated by high
insulin level, high glycated haemoglobin, and low Adiponectin level, and was
normalised by supplementary dietary Vitamin D containing diet in male LDLR"
mice (Table 4.3). Mice given high fat-high sugar had features of developing
metabolic syndrome (NEFA, TG, and lipid peroxidation) compared to mice

given Vitamin D as early as five weeks (Table 4.3).

Our results showed that five weeks high fat-high sugar diet also developed
central obesity, fatty liver, and metabolic syndrome disease in male mice.
Consistent with the ten-week-study, high fat diet supplemented with Vitamin D
caused the prevention of fatty liver disease, and metabolic syndrome. It can be
concluded that supplementary dietary consumption of Vitamin D for only five
weeks plays a significant role in the prevention of steatosis inflammation, insulin

resistance, and metabolic syndrome disease in male LDLR” mice.
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Table 4.3 Male mice given high fat-high sugar diet with and without supplemented
Vitamin D (58R3z Vitamin D) for five weeks.

Measurements M LDLR”, 58R3, n=4 M LDLR",
58R3+VD, n=4

Percentage of body weight 19.34 +/- 10.24 (control was 9.70 24.92 +/-

gain 3.52, n=3) 14.05

Percentage of fat pad 3.215+/-0.69 (control was 1.92 2.698+/- 0.93

weight +/- 0.85, n=3)

AST Mean +/- SD 124.3 +/- 13.07 (control was 78.27 94.47 +/- 5.52**
+- 6.99, n=2)

ALT (lU/L) Mean +/- SD 68.54 +/- 5.11 (control was 45.77 54.12+/-3.78 "s
+/- 9.65,n=2)

Insulin (ng/ml) Mean +/- SD 1.95+/- 0.51 ( control was 0.59 0.75 +/- 0.32*
+/- 0.04, n=2)

Adiponectin (ug/l) Mean +/- 2.09 +/- 0.11 (control was 2.69 3.00 +/- 0.07****

SD +/- 0.10, n=2)

HbAlc (fm/l) Mean +/- SD 61.19+/- 8.85 31.3 +/- 6.06**

(control was 6.97+/- 2.32, n=2)

Triglyceride (mg/dl) Mean 65.85+/-11.64 ( 45.66 +/- 2.75*
+/- SD control was 39.42 +/- 7.27, n=2)
NEFA (mmol/l) Mean +/- 0.59+/-0.01 0.39 +/- 0.04****
SD (control was 0.33
0.03, n=2)
Endotoxin (IU/ml) Mean +/- 5.57 +/- 0.58 (control was 2.105 3.54 +/- 0.32 ns
SD 0.92, n=2)
IL-6 (ng/ml) Mean +/- SD 13.68 +/- 3.05 8.86 +/-1.12 ns
(control was 6.80 + 0.07, n=2)
MDA (umol/l) Mean +/- SD 0.30 +/- 0.01 0.20 +/- 0.01***
(control was 0.18+/-0.00,)
n=2)

Male LDLR" fed high fat high sugar diet with Vitamin D (58R3 +VD) and without Vitamin D
(58R3), low fat diet (58R1) on measurements. Results are presented as averages +SD from
triplicate determinations (**** p<0.0001, *** p<0.0005, **p<0.005, *p<0.05), (adjusted p-values),
n.s=no significant. Comparisons were between: 58R3+VD vs 58R3, vs=versus, n.s=no
significant.
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For further investigation, female mice were used. Seventeen mice were
LDLR**, LDLR” with, and without supplement Vitamin D for five weeks (Table,
4.4). The result showed that female given high fat high sugar diet for 5 weeks
developed fatty liver disease, and metabolic syndrome. This was prevented by
diet supplemented Vitamin D. Inflammation marker (IL-6), prediabetic (insulin)
and metabolic syndrome such as NEFA were increased in mice given high fat-
high sugar diet, and were higher compared to mice given high fat-high sugar
supplemented with Vitamin D. LDLR” background had higher IL-6, insulin
compared LDLR** background mice (Table 4.4).

Table 4.4 Female mice given high fat-high sugar diet with and without supplemented
Vitamin D (58R3zx Vitamin D) for five weeks.

Genotypes IL-6 (ng/ml) +/- Insulin (ng/ml) NEFA (mmol/l) Percentage of
gain
LDLR** 58R3 1.86 +/- 0.10 1.94 +/- 0.27 0.28 +/- 0.06 20.37+/-
(n=7) (n=7) (n=4) 0.90, (n=4)
LDLR** 0.79 +/- 0.11**** 121 +/- 0.33** (0.08 +/- 0.02 19.96+/-
58R3+VD =10 =5) rrxx N
(n=10) L f=s) 0.38, (n=5) "=,
LDLR” 58R3 23 +/- 021 2.19+/- 0.06 0.24 +/- 0.03 10.45+/-
=) =) (=2) 3.60 (n=2)
LDLR” 0.75 +/- 0.09**** 0.99 +/- 0.41* 0.15 +/- 0.01* 11.37+/-
58R3+VD (n=5) (n=4) (n=4) 1.88 (n=2)"s

LDLR* , LDLR** female mice fed high fat high sugar diet with Vitamin D (58R3 +VD) and
without Vitamin D (58R3), low fat diet (58R1) on measurements. The data are represented as
means = SD (Unpaired t test **** p<0.0001, *** p<0.0005, *p<0.005, *p<0.05). Comparisons
were between: 58R3+VD vs 58R3, vs=versus, n.s=no significant.
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To summerise, mice given high fat-high sugar diet for five weeks developed
fatty liver disease, increased insulin level, and NEFA level, while in Vitamin D
supplemented diet groups lower levels were detected in female LDLR” and
LDLR** mice. All measurements were higher in mice after ten weeks given high
fat-high sugar diet compared to five weeks’ given high fat-high sugar diet. The
tendency to express inflammation in the development of metabolic syndrome
disease was higher in male compared to female LDLR” at five weeks’ given

high fat high sugar, based on NEFA, and IL-6 levels.
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4.3 Discussion

LDLR" and LDLR** mice were in parallel fed a high fat -high sugar diet for five
and ten weeks to develop steatosis and body weight gain, and additionally, in
both LDLR “ and LDLR** mice fed high fat high sugar diet the effect of
additional Vitamin D was analysed. The main reason for performing the diet
study in only five weeks was to investigate whether mice get fatty liver disease
by this time. This would deliver a study of refinement, following best practice,
which could be adopted by others.

Body weight and food intake were measured once per week. Interestingly, high
fat -high sugar diet mice had significantly greater body weight, fat pad weight,
IL-6 and insulin level compared to mice fed high fat high sugar diet
supplemented with Vitamin D 10 weeks and five weeks. Our results coincide
with Lira and colleagues who showed that circulating IL-6 concentrations are
highly correlated with percentage of body fat and insulin resistance (Lira et al.,
2011). There is a relationship between hepatocyte ballooning, high serum
cholesterol, and insulin resistance (Yeh and Brunt, 2007). This means there is a
possibility to have steatosis in the case of having hepatocytes ballooning. There
are many features related to NASH, such as steatosis, ballooning degeneration,
lobular inflammation, and giant mitochondria (Yeh and Brunt, 2007). Liver
histology showed that high fat-high sugar diet mice group developed steatosis,
and inflammation in LDLR”- and LDLR** mice given high fat high sugar diet for
ten weeks and five weeks. Steatosis was seen in all mice, but greater steatosis
(more macrovesicles) were seen in high fat diet-high sugar diet mice, while in
the supplementary dietary Vitamin D group less steatosis (microvesicles) and
inflammation was detected. Electron microscope result showed that
megamitochondria were observed in liver of mice fed high fat-high sugar diet for
five weeks, while in mice fed high fat high sugar diet with Vitamin D
supplementation only small mitochondria were observed. The reason for this is
still poorly understood, but the enlarged organelles may be the result of injury
from lipid peroxidation, or may represent an adaptive change (Takahashi and
Fukusato, 2014). Megamitochondria, larger than usual mitochondria, are

features of fatty liver disease (Ahishali et al., 2010).
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In addition, hepatic Strepb-1c, which is regulated by insulin, is increased in high
fat-high sugar diet mice compared to the supplementary diet with Vitamin D.
The result is supported support by Yin and colleagues who showed Vitamin D
inhibits lipogenesis (Yin et al., 2012). In an in vitro experiment, Vitamin D was
used to investigate the role as anti-steatotic molecule. Our results showed that
Vitamin D plays a significant role at lowering Oil Red O staining. This is
supported by a previous study which documented that macrophages derived
from peritoneal cavity of obese mice (elicited by intraperitoneal injection of 4%
thioglycollate) developed into foam cells, while in the presence Vitamin D less
foam cells were found. This is because oxLDL-induced cholesteryl ester
formation was reduced by Vitamin D (1, 25(0OH)2Ds) (Oh et al., 2009). This is
the first study to investigate the effect of high fat-high sugar diet on the increase
of hepatic damage markers in mice given high fat-high sugar diet for ten and
five weeks, and this was normalised by supplementary dietary Vitamin D
containing diet in LDLR” and LDLR** mice. This may be how Vitamin D
prevents liver damage. In general high fat-high sugar diet for ten weeks and five
weeks caused the increase of insulin resistance, this was associated with high
insulin level, and low adiponectin level, and was normalised by supplementary
dietary Vitamin D containing diet in LDLR” and LDLR** mice. This is
consistent with findings by Forouhi and colleagues who showed that low serum
Vitamin D may associate with glycaemia and insulin resistance in non- diabetic
subjects (Forouhi et al., 2008). To investigate the effect of Vitamin D on aortic
endothelium, and to see the relationship of adhesion molecule expression to
initiation factors, and the sites of lesion formation, VCAM-1 (vascular cell
adhesion molecule-1) gene expression was performed for aorta of mice fed the
Vitamin D supplemented high fat high sugar diet for ten weeks. The result
showed that supplementary dietary Vitamin D may plays a role in the decrease
of VCAM-1 gene expression. The findings of this experiment could be used to
suggest that Vitamin D prevents atherosclerosis. Hepatic mMRNA expression of
INOS in high fat -high sugar diet was significantly higher compared to Vitamin D
supplemented high fat high sugar diet for ten weeks, and hepatic Arginase-1
MRNA in Vitamin D supplemented high fat high sugar diet was significantly
higher compared to LDLR** mice fed high fat-high sugar diet for ten weeks

without supplementary Vitamin D. Prussian blue staining shows that Vitamin D

145



plays an important role in the decrease of M1 activity, and the increase of M2
activity, as measured by intracellular iron content. Vitamin D plays an anti-
inflammatory role (Ogura et al., 2009), that coincides with our results, which
showed Vitamin D led to the decrease of inflammatory mediators such as TNF-
a, and IL-6. Hepatic mRNA expression of both SR-B1, and HMGCR increased
in high fat diet (Qiu et al., 2013, Thacker et al., 2015), compared to Vitamin D
supplemented diet group in LDLR”- mice, although in LDLR** mice the increase
was not significantly different. These results concluded that high fat-high sugar
diet for ten weeks caused the increase of genes involved in cholesterol
synthesis, and dysregulation of cholesterol, and it was prevented by
supplementation with Vitamin D. Our results showed significantly less
triglyceride and NEFA level in mice sera fed high fat diet supplemented with
Vitamin D for ten weeks and five weeks studies. There are association between
elevation of NEFA, obesity, dyslipidaemia, and insulin resistance state. It is
thought that insulin inhibit FFA mobilisation process from adipose tissue.
Therefore, lipolysis in adipose tissue is increased in the insulin resistance
situation (Karpe et al., 2011).

Based on the proteome array, it can be said that proteins involved in fibrosis,
steatosis and inflammation are increased in adipose tissue of mice given high
fat diet for ten weeks. There was a marked decrease of these proteins in
adipose tissue of mice given high fat diet plus Vitamin D. In obese, and
diabetes conditions, Vitamin D level decreased compared to lean, and non-
diabetic humans (Zoppini et al., 2013, Park et al., 2015). This coincides with our
results, that showed high fat high sugar diet without supplementary Vitamin D
had lower Vitamin D levels compared to mice supplemented with Vitamin D in
their high fat-high sugar diet. Oxidized LDL caused classical complement
activation in human serum (Saad et al., 2006). Our result showed that the
Vitamin D supplemented diet group had increased residual activity of the
classical pathway (less classical pathway activation in vivo) compared with mice
given high fat-high sugar diet for ten weeks. This is likely to be due to Vitamin D
leading to a decrease of oxLDL (Oh et al., 2009). Our result showed less
alternative pathway residual activity (higher alternative pathway activation in
vivo) in mice fed high fat-high sugar diet for ten weeks. Chylomicron

accelerates C3 tick-over by regulating the role of factor H, leading to the

146



overproduction of ASP; as a result it leads to the increase of alternative
pathway residual activity (Fujita et al., 2007). In keeping with this, mice fed
Vitamin D supplemented high fat high sugar diet had higher alternative pathway
residual activity (lower alternative pathway activation in vivo) compared to mice
high fat high sugar diet mice group. One limitation of this part of the study might
appear to be the small numbers. However, it has to be borne in mind that these
mice had to be bred in house. It was essential in the design of the study to
probe mice from the same litters for their reaction to the diet and treatments. It
was found that the body weight gain was unequal between litters, so littermates
were analysed in this study to ensure a similar reaction of diet induced
metabolic reaction. All mice were kept in the same barrier unit and exposed to
the same handling and procedures. The Vitamin D dose tested which was
tenfold higher than normal was found to be nontoxic from the current literature.
It would be interesting to study a concentration-dependent effect of Vitamin D,
and also, determine whether which dose is effective in studies in animals
treated for longer than ten weeks. This is of particular interest as significant

NASH develops later in the disease process.
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Chapter 5 The role of properdin in

fatty liver disease
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5.1 Introduction

The study investigating side by side properdin deficient, and wildtype mice
concluded that Properdin limited the diet induced increase of body weight, fat
pad weight, and the increase of NEFA. In murine 3T3-L1 adipocytes, addition of
properdin inhibited the insulin-mediated stimulation of fatty acid uptake, and
incorporation into triglyceride, but this experiment lacked a control (Gauvreau et
al., 2012). In NASH patient’s liver (n=12), neutrophilic marker peroxidase was
performed to detect neutrophils around steatotic hepatocytes, and also
extracellular properdin by immunofluorescent staining. While in healthy liver not
or less amount of properdin was seen. Immunofluorescent staining for MPO
(Myeloperoxidase), which is expressed in neutrophis, and also double positives
(MPO/properdin) were documented in NASH patients compared to healthy
livers (n=10). In NASH patients, there was colocalization of properdin, and C3c

in steatotic hepatocytes (Segers et al., 2014).

According to Rensen and colleagues, NAFLD patient’s liver (n=43) compared to
healthy liver (control) (n=10), immunohistochemistry was performed to detect
neo-epitopes on C3c, and iC3 (cleavage fragments of C3) as a result deposition
of act-C3 was seen around hepatic steatosis in 74% patients of the most obese
patients; whereas, deposition of act-C3 deposition was not detected in liver
control. Plasma levels of NAFLD patients also had higher act-C3 compared to
control. Complement activation was detected in relation to apoptosis; TUNEL
assay detection was performed to detect apoptosis. As a result, apoptosis was
highly seen in act-C3 deposition patients (Rensen et al., 2009a). Insulin, and
lipid are increased in obesity. Adipocytes led to the production of C3, factor B,
properdin, and factor D. As a result, it leads to local alternative pathway
turnover, and generation of C3a. C3a is transformed by a carboxypeptidase to
C3a%sAd which is called acetylation stimulating protein (ASP). Lipid clearance,
glucose uptake, and triglyceride (TG) are performed by ASP through C5L2
receptor (Ricklin et al., 2010). Therefore the aim of this chapter was to
investigate the role of properdin in diet induced obesity, and liver disease by
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comparing properdin deficient, and wild type mice on a LDLR” / LDLR**
background.

Insulin
Lipids

Properdin

Figure 5-1 Roles of complement in lipid metabolism.
Properdin leads to the increase of C5L2 expression, as a result, it leads to triglyceride, lipid
clearance and glucose uptake increase.
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Our hypothesized that properdin plays a vital role in the development of
metabolic syndrome diseases such as fatty liver disease and diabetes caused

by high fat—high sugar diet given to mice for 10 weeks or five weeks.

5.2 Results

Two durations were studied, ten and five weeks

5.2.1 Effect of properdin on fatty liver disease in 10 weeks
given diet

Fifteen female mice (3 LDLR” PWT ,and 3 LDLR” PKO, 4 LDLR** PWT, and 5
LDLR” PKO), twelve male mice (2 male LDLR”- PWT, and 2 LDLR-/- PKO, 4
LDLR** PWT, and 4 LDLR” PWT) were given high fat-high sugar diet (58R3)
for 10 weeks, and nine female mice (4 LDLR** PWT, 5 LDLR** PKO), fourteen
mice male mice (3 LDLR** PWT, 3 LDLR** PKO), (4 LDLR” PWT, 4 LDLR"
PKO) were given Western diet (high fat diet) (5TJN) for ten weeks. In parallel,
maintenance diet low in fat (LFD) (5LF2) was given to mice in both
LDLR**PWT/PKO and LDLR”-PWT/PKO groups. The aim of using high fat-high
sugar diet, and Western diet was to initiate steatosis (NAFLD) and inflammation
in LDLR”, LDLR** background, in order to investigate the role of properdin in
NAFLD.

5.2.1.1 Body weight and fat pad weight measurement

The main purpose for weight measurement was to compare properdin deficient
to properdin wild type mice in LDLR” and LDLR** background, in mice high fat-
high sugar diet, Western diet or low fat diet. All mice were age (16 weeks at the
start of diet) and sex matched, the results were as follows:

Body weight was measured once per week (10 weeks) for mice fed high fat-
high sugar diet, Western diet or low fat diet. The percentage of body weight was
significantly higher in properdin wild type mice fed Western diet compared to
properdin deficient mice but there were not significant differences in fat pad
weight (Tables 5.1, and 5.2). However, Female LDLR** PWT mice fed high fat-
high sugar diet significantly had less body weight gain (Figure 5.2, A) and less
percentage of body weight in mice fed Western diet (Table 5.2) compared to
LDLR** PKO mice. Furthermore, in male LDLR** PWT mice fed Western diet

had significantly less body weight, and fat pad weight compared to male
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LDLR** PKO (Table 5.3). There was a variation between body weight
percentage in female LDLR” mice. Therefore, there was not significant different
between properdin wild type, and properdin deficient in mice fed high sugar-
high fat diet (Figure 5.2, B).

Taken together, these results shows that properdin deficient mice on LDLR+/+
background had greater body weight gain, and central obesity. This is
consistent with the study by (Gauvreau et al., 2012) where body weight, fat pad
weight were analysed in a model of obesity. This effect is lost in properdin

deficient mice on LDLR”- background.
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Figure 5-2 The effect of properdin on body weight gain in female mice.

Mice fed low fat diet (5LF2), Western diet (5TJN), and high fat-high sugar diet (58R3) for 10
weeks. LDLR** properdin wild type and deficient mice (LDLR**PWT/PKO) (panel A), LDLR"
properdin wild type and deficient mice (LDLR*PWT/PKQ) (panel B). Results are presented as

averages +SD from triplicate

determinations. (adjusted p-values), ns=no significant.
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Table 5.1 The effect of properdin on body weight, fat pad (weight gain and the
percentage) in female and male mice.

5TJN f 20.4 +/-5.6 n.d. 23.6 +/- 12.6 n.d.
(n=5)* (n=5)

5LF2 f 3.3 +/-0.7 (n=3) n.d. 5.4 +/- 0.8 (n=3) n.d.

5TIN m 46.3 +/- 8.1 2.15 +/-0.4 345 +/-24.8 2+/-1
(n=3)* (n=3) (n=3) (n=3)

Mice fed low fat diet (5LF2), Western diet (5TJN), and high fat-high sugar diet (58R3) for 10
weeks. LDLR** properdin wild type (LDLR**PWT) and deficient mice (LDLR**PKQ). The data
are represented as means x+ SD (Unpaired t test *p<0.05), f=female, m=male, n.d=not done.

Table 5.2 The effect of properdin on body weight, fat pad (weight gain and the
percentage) in female and male mice.

5TIN f 28.6 +/- 7.3 n.d. 35.6 +/- 8.6 n.d.
(n=5) (n=4)
5LF2 f 12.3+/-7.4 n.d. 12.7+ 0.1 n.d.
(n=2) (n=2)
5TIN m 55.9 +/- 32.9 1.8+/-1 47.6 +/- 13.7 1.2+/-0.7
(n=8)* (n=8) (n=8) (n=8)
5LF2 m 15.3 +/-12.5 0.52+0.36 20+/- 23.5 0.36+0.09
(n=3) (n=2) (n=2) (n=2)

Mice fed low fat diet (5LF2), Western diet (5TJN) for 10 weeks. LDLR- properdin wild type
(LDLRPWT) and deficient mice (LDLR*PKO). The data are represented as means + SD
(Unpaired t test *p<0.05), f=female, m=male, n.d=not done.
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Table 5.3 The effect of properdin on percentage body weight and fat pad weight (g) in
female and male mice.

58R3 M 36.08+/-11.26 1.42 +/- 40.85 +/- 7.36 1.92
(n=4)* 0.18 (n=4) +/-0.25
(n=4)* (n=4)
58R3 F  19.33+/-7.56 n.d 15.60 +/- 2.68 n.d
(n=4) (n=2)
5LF2 F 1820 n.d 10.03 +/- 6.50 n.d
(n=4) (n=4)

Mice fed low fat diet (5LF2), Western diet (5TJN) for 10 weeks. LDLR** properdin wild type
(LDLR**PWT) and deficient mice (LDLR**PKO). The data are represented as means + SD
(Unpaired t test *p<0.05), f=female, m=male, n.d=not done.

5.2.1.2 Liver weight (g), and end liver % body weight (in female LDLR™,
LDLR** mice)

To investigate whether mice developed hepatomegaly, livers were weighed,
weights recorded, and expressed as % body weight. There was a wide variation
in liver weight. The percentage of liver weight was lower in female LDLR**
properdin deficient mice compared to properdin wild type mice (Figure 5.3, A).
Liver weight analysis revealed that high fat-high sugar diet led to the increase of
liver weight, but was not significantly different between properdin deficient mice,
and wild type male mice (Figure 5.4, A, B). High fat diet-high sugar and a high
fat diet developed hepatomegaly in this model.
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Figure 5-3 The effect of properdin on liver weight and the percentage of liver weight in
female mice.

Mice fed low fat diet (5LF2), Western diet (5TJN), and high fat-high sugar diet (58R3) for 10
weeks. LDLR** properdin wild type and deficient mice (LDLR**PWT/PKO) (panel A), LDLR"
properdin wild type and deficient mice (LDLR*PWT/PKO) (panel B). Results are presented as
averages +SD from triplicate determinations. “p < 0.01 (adjusted p-values), ns=no significant.
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Figure 5-4 The effect of properdin on liver weight and the percentage of liver weight in
female mice.

Mice fed low fat diet (5LF2), Western diet (5TJN), and high fat-high sugar diet (58R3) for 10
weeks. LDLR** properdin wild type and deficient mice (LDLR**PWT/PKOQO) (Panel A), LDLR*
properdin wild type and deficient mice (LDLR-PWT/PKO) (Panel B). Results are presented as
averages +SD from triplicate determinations (adjusted p-values), ns=no significant.
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5.2.1.3 Histopathology of liver high in fat-high sugar diet LDLR"
PWT/PKO mice, and high fat-high sugar diet, Western diet
LDLR**PWT/PKO mice

The main purpose was to investigate the properdin role in the development of
fatty liver changes. LDLR”- PWT/PKO mice fed high fat-high sugar diet (58R3),
and LDLR*/*PWT/PKO fed high fat-high sugar diet, and Western diet (5TJN).
Sections were prepared from liver, stained with haematoxylin/eosin, and
analysed microscopically. LDLR”PWT mice fed high fat-high sugar diet had
less steatosis compared to LDLR”"PKO mice fed high fat-high sugar diet. In
addition, LDLR”"PWT mice fed high fat-high sugar, and Western diet had lower
steatosis, and inflammation compared to LDLR”PWT mice. The presence of
marked fatty changes were seen near central vein (zone 3) in high fat-high
sugar diet, and Western diet; However, in mice fed low fat diet (maintenance
diet) (5LF2) there was little evidence of steatosis and inflammation.

5.2.1.3.1 Haematoxylin, and eosin staining

Parts of livers of 16 weeks female and male LDLR” PWT/PKO mice,
LDLR**PWT/PKO mice were fixed, paraffin embedded, and 4um slides were
prepared, and stained with haematoxylin, and eosin. Fifteen mice (3 LDLR"
PWT, and 3 LDLR” PKO, 4 LDLR** PWT, and 5 LDLR” PKO) and eight male
mice (4 LDLR** PWT, and 4 LDLR**PKO) were given high fat-high sugar diet
for 10 weeks, and nine female mice (4 LDLR** PWT, 5 LDLR** PKO), and 6
male mice (3 LDLR** PWT, 3 LDLR** PKO) were given Western diet. Results
were documented, and compared between properdin wild type, and deficient
mice. Lipid accumulation was observed near CV (zone 3) in middle column in
LDLR”PWT mice fed high fat-high sugar diet (Figures 5.5, 5.6, 5.7, 5.8 Panels
C), but was more intensive in LDLR”PKO mice fed high fat-high sugar diet
(Figures 5.5, 5.6, 5.7, 5.8 Panels D). Contrasting with normal liver (Figures 5,5,
5.6, 5.7, 5.8 Panels A, and B), there were many microvesicular, and macro-
vesicular lipid droplets in livers of mice fed high fat-high sugar diet, and Western
diet in both backgrounds. Many inflammatory changes were detected; they
included neutrophilic infiltration or mononuclear cells around the portal vein,

called portal inflammation, or appearing between cells where they are called
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lobular inflammation (Figure 5.5, D). In livers from mice fed a low fat diet there

were minor microvesicular fatty changes only.
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Figure 5-5 Haematoxylin, and eosin staining of paraffin embedded liver sections obtained
from female LDLR” mice.

Representative images. No inflammation, and steatosis in LDLR”PWT mice 5LF2 (Panel A),
LDLR”PWT mice fed 5LF2 (Panel B). Fatty changes in great amount, microvesicular (blue
arrows), macrovesicular (red arrows) (steatosis), and inflammation (green- heads) presence of
marked fatty changes near CV (zone 3) in middle column in LDLR*-PKO mice fed 5TJN (Panel
D), and less steatosis in LDLR"PWT fed 5TJN (Panel C), CV, central vein, 200x. Scale bar
represents 100 micron.
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Figure 5-6 Haematoxylin, and eosin staining of paraffin embedded liver sections obtained
from female LDLR**mice.

Representative images. No inflammation, and steatosis in LDLR™*PWT mice 5LF2 (Panel A),
LDLR**PWT mice fed 5LF2 (Panel B). Fatty changes in great amount, microvesicular (blue
arrows), macrovesicular (red arrows) (steatosis), and inflammation (green- heads) presence of
marked fatty changes near CV (zone 3) in middle column in LDLR**PKO mice fed 5TIN (Panel

D), and less steatosis in LDLR**PWT fed 5TIN (Panel C), CV, central vein, 200x. Scale bar
represents 100 micron.

160



Figure 5-7 Haematoxylin, and eosin staining of paraffin embedded liver sections obtained
from male LDLR” mice

Representative images. No inflammation, and steatosis in LDLR”PWT mice 5LF2 (Panel A),
LDLR*PWT mice fed 5LF2 (Panel B). Fatty changes in great amount, microvesicular (blue
arrows), macrovesicular (red arrows) (steatosis), and inflammation (green- heads) presence of
marked fatty changes near CV (zone 3) in middle column in LDLR”"PKO mice fed 5TJN (Panel
D), and less steatosis in LDLR*PWT fed 5TJN (Panel C), CV, central vein, 200x.Scale bar
represents 100 Micron.
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Figure 5-8 Haematoxylin, and eosin staining of paraffin embedded liver sections obtained
from male LDLR+/+mice.

Representative images. No inflammation, and steatosis in LDLR**PWT mice 5LF2 (Panel A),
LDLR**PWT mice fed 5LF2 (Panel B). Fatty changes in great amount, microvesicular (blue
arrows), macrovesicular (red arrows) (steatosis), and inflammation (green- heads) presence of
marked fatty changes near CV (zone 3) in middle column in LDLR**PKO mice fed 5TIN (Panel
D), and less steatosis in LDLR**PWT fed 5TJN (Panel C), CV, central vein, 200x. Sale bar
represents 100 Micron.

Histological scoring system was performed for lobular inflammation, and
steatosis (Kleiner et al. 2005). Scoring was performed by two observers,
blinded to the identity of the slides. High score (score 3) for steatosis, and
lobular inflammation (score 2) was seen in livers from mice on high fat diet-high
sugar. However, only grade one, and zero was documented in mice fed low fat
diet. Lobular inflammation was higher in high fat-high sugar diet, Western diet
compared to low fat diet. Female LDLR”- PKO fed high fat-high sugar diet had
higher lobular inflammation (higher score 2) compared to female LDLR” PWT
fed high fat-high sugar diet (Table 5.4, A). In addition, in male LDLR**PKO

mice fed Western diet, and high fat-high sugar diet had greater lobular
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inflammation compared to LDLR**PWT mice (Tables 5.5, A and 5.6, A).
Steatosis scores (ranges from 0-to 3) shows that in high fat-high sugar, and
Western diet mice have severe fatty changes, (grade 3) while in control mice,
this extent was documented (Tables 5.4, 5.5, 5.6). Steatosis scores (ranges
from 0 to 3) shows that score 3 in female LDLR”"PKO mice fed high fat-high
sugar diet was higher compared to female LDLR”"PWT mice (Table 5.4, B), and
also female LDLR**PWT fed Western diet was higher score 3 compared to
female LDLR**PKO mice. In female LDLR**PKO mice fed high fat-high sugar
diet was higher steatosis compared to female LDLR**PWT, and also female
LDLR**PKO fed Western diet was higher steatosis compared to LDLR**PWT
(Table 5.5, B), In addition, male LDLR**PWT fed Western diet an high fat-high
sugar diet had higher score 3 compared to male LDLR**PKO mice (Table 5.6,
B).This result appears that properdin may play role in the prevention of

steatosis, and inflammation.

Table 5.4 Lobular inflammation (A) scores and steatosis scores (B) for male LDLR”
PWT/PKO mice.

(A)
0 No foci 0/8 0/8 2/3 1/2
1 Less than 2 4/8 5/8 1/3 1/2
2 2-4 2/8 3/8 0/3 0/2
3 More than 4 0/8 0/8 0/3 0/2
(B)

0 Less than 5% 0/8 0/8 2/3 1/2
1 5-33% 0/8 1/8 1/3 1/2
2 33-66% 4/8 2/8 0/3 0/2
3 More than 66% 4/8 5/8 0/3 0/2

Mice fed high fat high sugar died (high fat-high sugar diet) and maintenance diet (low fat diet).
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Table 5.5 Lobular inflammation (A) scores, and steatosis scores (B) for female

LDLR+/+PWT/PKO mice.

A)

0 No foci 3/5
1 Less than 2 2/5
2 2-4 0/5
3 More than 4 0/5

2/5
1/5
2/5
0/5

3/5
2/5
0/5
0/5

1/4
3/4
0/4
0/4

2/4
2/4
0/4
0/4

1/3
2/3
0/3
0/3

0 Less than 5% 0/5 0/5
1 5-33% 0/5 0/5
2 33-66% 2/5 0/5
3 More than 66% 3/5 5/5

0/5
0/5
3/5
2/5

0/4
0/4
1/4
3/4

0/4 0/3
4/4 2/3
0/4 1/3
0/4 0/3

Mice fed high fat high sugar died (58R3), Western diet (5TJN) and maintenance diet (low fat

diet) (5LF2) for ten weeks.

Table 5.6 Lobular inflammation (A) scores, and steatosis scores (B) for male LDLR**
PWT/PKO mice.

(A)

0 No foci 0/4
1 Less than 2 4/4
2 2-4 0/4
3 More than 4 0/4

0/4
4/4

0/4

0/4

0/3
3/3

0/3

0/3

0/3
2/3

1/3

0/3

4/4
0/4

0/4

0/4

3/3
0/3

0/3

0/3

0 Less than 5% 0/4 0/4

1 5-33% 0/4 0/4

2 33-66% 3/4 1/4

3 More 1/4 3/4
than 66%

0/3
0/3
2/3
1/3

0/3
0/3
1/3
2/3

4/4
0/4
0/4
0/4

3/3
0/3
0/3
0/3

Mice fed high fat high sugar died high fat-high sugar diet (58R3), Western diet (5TJN), and

maintenance diet (low fat diet) (5LF2) for ten weeks.
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Table 5.7 Lobular inflammation (A) scores, and steatosis scores (B) for male LDLR”
PWT/PKO mice.

(A)

0 No foci 0/2 0/2 2/3 1/2
1 Less than 2 2/2 2/2 1/3 1/2
2 2-4 0/2 0/2 0/3 0/1
3 More than 4  0/2 0/2 0/3 0/1

0 Less than 5% 0/2 0/2 2/3 1/2

1 5-33% 0/2 0/2 1/3 1/2

2 33-66% 2/2 0/2 0/3 0/2

3 More 0/2 2/2 0/3 0/2
than 66%

Mice fed high fat high sugar died and Western diet and maintenance diet (low fat diet) for ten
weeks.

5.2.1.3.2 Detection of hepatic lipids by Olive green stain

In order to see lipid droplets, a part of livers were sectioned on an
ultramicrotome at 400nm then stained with 1% Toluidine blue in 1% borax for
30 seconds at the same temperature (92 °C). The result showed that livers from
properdin deficient mice had larger fat droplets (Figure 5.9, D) compared to
properdin wild type mice (Figure 5.9, C). In order to further investigate the
difference between properdin wild type and properdin deficient mice
ultrastructurally, electron microscopic analysis was performed for livers of mice
fed high fat diet.
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Figure 5-9 Olive green stain in LDLR** mice.

Mice fed Western diet, and low fat diet. Representative images (A-D). No fat droplets (panels A,
and B). Microvesicular (blue arrows), macrovesicular (red arrows), 5LF2 LDLR*PWT (Panel A),
5LF2 LDLR*PKO (Panel B), 5TIN LDLR*PWT (panel C), 5TIN LDLR*PKO (panel D), 100x.
Scale bar represents 100 Micron.

5.2.1.3.3 Electron microscopic analysis

As previously mentioned, mice fed a high fat diet developed fatty liver disease.
Because haematoxylin and eosin, and olive green stains showed that properdin
deficient mice developed higher fatty liver compared to properdin wild type
mice, electron microscope was performed. Livers from mice on low fat diet
showed normal features: mitochondria rich hepatocytes, euchromatin rich
nuclei, few lipid vesicles (Figure 5.10, A, B). Mice given Western diet for ten
weeks developed many large lipid droplets inside the hepatocytes. This was
more pronounced in properdin deficient mice (Figures 5.11 A and 5.12 A)
compared to properdin wild type mice (Figures 5.11, B and 5.12, B). Properdin
deficient mice given high fat diet developed more megamitochondria, and
swelling of endoplasmic reticulum (Figure 5.13, A) compared to properdin wild
type mice (Figure 5.13, B).
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Figure 5-10 Electron micrograph from liver LDLR+/+ mice fed low fat diet.
Properdin deficient mice (Panel A), properdin wild type (Panel B). N=nucleus, mitochondria
(blue arrow), X8000.
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Figure 5-11 Electron micrograph from liver LDLR** mice fed Western diet.
Properdin deficient mice (panel A), and properdin wild type mice (panel B). Huge fat droplets
(orange arrows), smaller fat droplets (blue arrow) (panel B). N=nucleus. X8000.
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Figure 5-12 Electron micrograph showing lipid droplets from liver LDLR+/+ mice fed
Western diet.

Properdin deficient mice (panel A), and properdin wild type (panel B). Huge fat droplets (orange
arrows) (panel A), a smaller fat detected (blue arrow) (panel B). N=nucleus. X8000.
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Figure 5-13 Electron micrograph showing mitochondria from liver LDLR+/+ mice fed
Western diet.

Properdin deficient mice (panel A), and properdin wild type (panel B). A mega-mitochondrion
(orange arrows) and smaller mitochondria (yellow arrow), and also rough endoplasmic reticulum
(blue arrow) (panel A). N=nucleus. X8000

It can be concluded that properdin deficient mice fed Western diet for 10 weeks
developed more severe liver steatosis than properdin wild type mice, based on
histopathology, olive green stain, and electron microscopic analysis. Properdin
deficient mice had developed more megamitochondria, and swelling of
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endoplasmic reticulum. Due to the ultrastructural changes in cells, it can be
implied that the metabolic strain is greater on properdin deficient mice given a
high fat diet.

5.2.1.4 The effect of properdin on steatosis

Hepatic gene expression of Strebp-1c in LDLR** PWT fed Western dietwas
significantly lower than LDLR**PKO fed Western diet (Figure 5.14). This was
confirmed the histological result that showed LDLR** properdin wild type mice
fed high fat-high sugar diet mice group had less steatosis compared to
properdin deficient mice. There was not significant differences in LDLR*PWT
mice fed high fat-high sugar diet compared to LDLR”"PKO mice. The empirical
findings in this study provide a new understanding of properdin, which plays a
significant role in the prevention of steatosis. To quantify the extent of liver
damage induced by high fat-high sugar diet, Western diet, and to seek the role

of properdin, liver function tests were performed.

+/+

LDLR™, f LDLR™", f

Figure 5-14 The effect of properdin on hepatic gene expression of Srebp-1c.

Female LDLR” and LDLR**mice fed high fat high sugar diet)), low fat diet (5LF2) on hepatic
gene expression of Srebp-lc. Results are presented as averages +SD from triplicate
determinations. (adjusted p-values), ns=no significant.
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5.2.1.5 Analysis of measurements of Liver function

In non-alcoholic steatohepatitis there is a correlation between increased
deposition of C3, lobular inflammation, and an increase of properdin expression
(Segers et al., 2014). The complement system activation in NAFLD has resulted
the increase of severity, complement system is a part of innate immunity; and
its activation has led to the progression of inflammation (Rensen et al., 2009a).

AST, and ALT levels were measured as a correlate of liver function. There was
not significant different between properdin wild type and properdin deficient
mice in AST level of female LDLR” mice fed high fat-high sugar diet and
LDLR** mice fed high fat-high sugar diet and Western diet (Figure 5.15, A, B).
Female LDLR** mice fed Western diet, properdin deficient mice had a tendency
to have lower ALT (60.21+£1.30 IU/L) compared to properdin wild type mice
(75.84+1.6 IU/L) (Figure 5.16, A). Female LDLR” mice fed high fat-high sugar
diet, properdin deficient mice had lower ALT (58.22+11.97 IU/L) compared to
properdin wild type mice (91.52+10.98 IU/L) (Figure 5.16, B). However, male
LDLR** mice fed high fat-high sugar diet, properdin deficient mice had higher
AST (109.1+2.97 IU/L) compared to properdin wild type mice (93.2+6.62 IU/L)
(Figure 5.16, C). In addition, male LDLR** mice fed Western diet, properdin
deficient mice had a tendency to have higher ALT (109.1+12.88 IU/L) compared
to properdin wild type mice (65.8+9.44 IU/L) (Figure 5.16, E). This is the first
study to demonstrate the effect of properdin on hepatic damage markers in both
LDLR” and LDLR** back grounds. The result showed that properdin in female
LDLR”- enhances further increase of ALT compared to properdin deficient mice
while male LDLR** mice properdin deficient mice led to the increase of AST
and ALT levels. To investigate the role of properdin in developing metabolic

syndrome disease, insulin, adiponectin, HbAl-c were tested.
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Figure 5-15 The effect of properdin on AST activity in female mice.

Mice fed low fat diet (5LF2), Western diet (5TJN), and high fat-high sugar diet (58R3) for 10
weeks. LDLR”- properdin wild type and deficient mice (LDLR” PWT/PKO) (panel A), LDLR**
properdin wild type and deficient mice (LDLR*-PWT/PKOQ) (panel B). Results are presented as
averages +SD from triplicate determinations (adjusted p-values), ns=no significant.
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Figure 5-16 The effect of properdin on AST and ALT activity in female and male mice.

The effect of properdin on AST, and ALT activity in mice fed high fat-high sugar diet (58R3),
Western diet (5TJN), and low fat diet (5LF2) (A-D). Effect of properdin on ALT in female LDLR**
mice (panel A), female LDLR”mice (panel B) and on AST in male LDLR** mice (panel C).
Effect of properdin on ALT in male LDLR** mice (panel C). Results are presented as averages
+SD from triplicate determinations. “p < 0.05 (adjusted p-values), ns=no significant.
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5.2.1.6 Role of properdin on insulin level and chronic glycaemia

Mice were given high fat diet-high sugar diet for 10 weeks (sexes and age
matched) in both LDLR” and LDLR** backgrounds. Female LDLRPWT fed
high fat-high sugar diet had a tendency to have lower adiponectin compared to
female LDLR”"PKO mice (Figure 5.17, B). Male LDLR** mice fed high fat—high
sugar diet and Western diet, properdin deficient mice had a tendency to have
higher insulin level (2.07 £0.62 ng/ml), (3.47+0.63 ng/ml) compared to properdin
wild type mice (1.01 £0.24 ng/ml), (2.073+0.34 ng/ml) respectively (Figure 5.18,
A), and a tendency to have lower adiponectin levels (1.70+0.25 ug/l),
(1.53+0.10 pg/l) compared to properdin wild type mice (2.08+0.15 ug/l), (1.90
+0.13 pg/l) respectively (Figure 15.18, B). There was a possibility higher HbAlc
in female properdin deficient mice of LDLR** fed Western diet compared to
properdin wild type mice, but no significant differences between them (Figure
15.18, C). In addition, HbA1c was higher significantly in male LDLR** properdin
deficient mice fed high fat—high sugar diet (63.85+7.50 fmol/l), and Western diet
(76.6+4.58 fmol/l) compared to properdin wild type mice (50.86£750 fmolll),
(42.95+1.03 fmol/l) respectively (Figure 15.18, D). These findings suggest that
properdin deficiency in mice may play a role in the initiation of diabetes. To see
the role of properdin, candidate genes related to inflammation were tested.
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Figure 5-17 The effect of properdin on insulin and adiponectin protein in female mice
sera.

Mice fed high fat-high sugar diet (58R3), Western diet (5TJN), and low fat diet (5LF2) (A-D).
Effect of properdin on insulin in female LDLR" mice (panel A), on adiponectin in female LDLR*
mice (panel B) and on insulin in female LDLR** mice (panel C) on adiponectin in female
LDLR** mice (panel D). Results are presented as averages +SD from triplicate determinations.
(adjusted p-values), n.s=no significant.
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Figure 5-18 The effect of properdin on insulin, adiponectin, HbAl activity in female and
male mice sera.

Mice fed high fat-high sugar diet (58R3), Western diet (5TJN), and low fat diet (5LF2) (A-D).
Effect of properdin on insulin in male LDLR** mice (panel A), on adiponectin in male LDLR**
mice (panel B) and on HbA1c in female LDLR** mice (panel C) on HbAlc in male LDLR** mice
(panel D). Results are presented as averages +SD from triplicate determinations. "p < 0.05, “p <
0.01, ™p < 0.005, ™p < 0.0001 (adjusted p-values), n.s=no significant.
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5.2.1.7 Therole of properdin in the IL-6 response

Complement activation in fatty liver disease led to the increase of IL-6 (Rensen
et al., 2009a), therefore levels of IL-6 mMRNA and protein were studied from
properdin wild type and properdin knockout mice on high fat-high sugar diet and
Western diet. There were no differences from hepatic TNF-a mRNA expression
between properdin wild type, and properdin deficient mice groups in both LDLR"
l--and LDLR** group female mice (Figure 5.19, A). Hepatic gene expression for
IL-6 of LDLR”"PWT/PKO fed high fat-high sugar diet was performed to see the
differences between properdin wild type, and properdin deficient mice, and the
result showed that in properdin deficient mice, there was a tendency to be
higher IL-6 mRNA in properdin deficient mice compared to wild type mice
(Figure 5.19, B). To further investigate the differences, IL-6 ELISA was
performed. IL-6 ELISA test confirmed the gene expression of IL-6, showing an
increase of IL-6 protein level in LDLR**PKO compared to LDLR**PWT in mice
fed Western diet (Figure 5.19, C). In male LDLR** mice fed high fat-high sugar
diet, and Western diet, IL-6 protein level was higher significantly in properdin
deficient mice (16.45+0.84 ng/ml), (14.67+1.33 ng/ml) compared to properdin
wild type mice (12.38+1.55 ng/ml), (8.12+1.70 ng/ml) respectively (Figure 5.19,
D). The current data highlight that male LDLR** and female LDLR”- properdin
deficient mice had increased IL-6 compared to properdin wild type mice. To
further understand the role of properdin role in inflammation, endotoxin was

measured.
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Figure 5-19 The effect of properdin on hepatic TNF-a IL-6 MRNA expression, IL-6 protein
in female and male mice sera.

Mice fed high fat-high sugar diet (58R3), Western diet (5TJN), and low fat diet (5LF2) (A-D).
Effect of properdin on TNF-a in female LDLR**, LDLR"mice (panel A), on IL-6 in female LDLR"
mice (panel B) and on IL-6 protein in female LDLR**, LDLR"mice (panel C) on IL-6 protein in
male LDLR”mice (panel D). Results are presented as averages *SD from triplicate
determinations. p < 0.05, "p < 0.01, ™p < 0.005, " p < 0.0001 (adjusted p-values), n.s=no
significant.
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5.2.1.8 Measurement of endotoxin levels

A high fat diet plays a role in the increased translocation of LPS into the blood,
and this led to higher endotoxin level in NAFLD patients compared to control
(Harte et al., 2010). For this reason, TLR4, and endotoxin were measured in
parallel. Hepatic TLR4 mRNA expression in LDLR”PWT/PKO and LDLR**
PWT/PKO fed high fat-high sugar diet, Western diet, and low fat diet was
performed. Our results showed that TLR4 mRNA expression of liver in female
LDLR**PKO mice fed high fat-high sugar diet significantly higher (1.87 + 0.05)
compared to LDLR**PWT mice fed high fat-high sugar diet (0.96 + 0.21)
(Figure 5.20, A), while in LDLR”- mice fed high fat-high sugar diet, and LDLR**
mice fed Western diet there were no significant differences between properdin
wild type, and properdin deficient mice (Figure 5.20, A). Interestingly, endotoxin
level in LDLR**PWT fed Western diet (2.78 + 1.03 IU/ml) was significantly
lower than LDLR**PKO fed Western diet (6.68 + 1.7 1U/ml) (Figure 5.20, B). In
addition, endotoxin level in female LDLR**PWT fed Western diet (2.78 + 0.59
IU/ml) was significantly lower than LDLR**PKO fed Western diet (6.68 + 0.98
IU/ml) (Figure 5.20, B). However, endotoxin level in female LDLR"PWT fed
high fat-high sugar diet (9.27 = 2.62 IU/ml) was significantly higher than
LDLR**PKO fed Western diet (4.91 + 0.55 IU/ml) (Figure 5.20, B). In contrast,
endotoxin level was significantly higher in male LDLR** properdin deficient
mice fed high fat—high sugar diet, and Western diet (3.20+£0.89 I1U/ml),
(13.92+4.12 1U/ml) compared to male LDLR** properdin wild type mice
(1.51£0.37 IU/ml), (4.52+0.78 IU/ml) respectively (Figure 5.20, C). These result
concluded that properdin prevents intestinal leakage, and plays a significant
role in the prevention of NAFLD, and NASH development, and also showed that
Western diet, and high fat-high sugar diet affect the increase of endotoxin in
circulation. To understand the effect of properdin on metabolic syndrome,

measurements of TGs, and NEFA were performed.
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Figure 5-20 The effect of properdin on hepatic TLR4 mRNA expression, endotoxin in
female and male mice sera.

Mice fed high fat-high sugar diet (58R3), Western diet (5TJN), and low fat diet (5LF2) (A-C).
Effect of properdin on hepatic TLR4 mRNA expression in female LDLR**, LDLR"mice (Panel
A), on endotoxin in female LDLR”mice (Panel B) and on endotoxin in male LDLR**, mice
(Panel C). Results are presented as averages +SD from triplicate determinations. “p < 0.05, “p
<0.01, ™p < 0.005, *"p < 0.0001 (adjusted p-values), n.s=no significant.
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5.2.1.9 Therole of properdin in developing metabolic syndrome

Complement activation during fatty liver disease caused the increase of C3
deposition, and plasma C3, and ASP levels that correlated with insulin
resistance, and excessive fat accumulation (Rensen et al., 2009).

Our result showed that triglyceride was significantly higher in properdin deficient
mice of female LDLR** mice fed high fat -high sugar diet (45.89+7.77 mg/dl),
compared to properdin wild type group (30.59+8.84 mg/dl) (Figure 5.21, A). In
female LDLR” mice fed high fat -high sugar diet triglyceride was significantly
higher in properdin deficient mice (87.26+14.82 mg/dl) compared to properdin
wild type mice (57.52+0.96 mg/dl) (Figure 5.21, B). Male LDLR** mice fed
Western diet led to the increase of triglyceride in properdin deficient mice
(41.55+4.92 mg/dl) compared to properdin wild type mice group (23.11+0.98
mg/dl) respectively (Figure 521, C). NEFA measurement was significantly
higher in properdin deficient of female LDLR** mice fed high fat-high sugar diet
(0.74+0.11 mmol/L) compared to properdin wild type mice group (0.46+0.05
mmol/L) (Figure 5.22, A) and also there was a tendency to be higher between
properdin deficient and properdin wild type mice, but not significant different
(Figure 5.22, panel B). Male LDLR** mice fed high fat high sugar diet, and
Western diet led to the increase of NEFA in properdin deficient mice (0.89+£0.07
mmol/), (0.59+0.01 mmol/) compared to properdin wild type mice group
(0.59£0.06 mmol/), (0.39£0.09 mmol/) respectively (Figure 5.22, C).

In female LDLR**, LDLR” mice, and male mice LDLR** fed high fat —high
sugar diet, and Western diet led to the increase of triglycerides in properdin
deficient mice compared to properdin wild type mice. In male LDLR** mice fed
high fat—high sugar diet, and Western diet resulted in the increase of NEFA in
properdin deficient mice compared to properdin wild type mice. This result
highlights that properdin prevents metabolic syndrome disease by the decrease

of Triglyceride, and NEFA serum level.
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Figure 5-21 The effect of properdin on triglyceride in female and male mice sera.

Mice fed high fat-high sugar diet (58R3), Western diet (5TJN), and low fat diet (5LF2) (A-C).
Effect of properdin on triglyceride in female LDLR** mice (Panel A), on triglyceride in female
LDLR"mice (Panel B) on triglyceride in male LDLR** mice (Panel C). Results are presented as
averages +SD from triplicate determinations. "p < 0.05, “p < 0.01, ™p < 0.005, *™p < 0.0001
(adjusted p-values), n.s=no significant.
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Figure 5-22 The effect of properdin on NEFA in female and male mice sera.

Mice fed high fat-high sugar diet (58R3), Western diet (5TJN), and low fat diet (5LF2) (A-C).
Effect of properdin on NEFA in female LDLR** mice (Panel A), on NEFA in female LDLR”"mice
(Panel B) on NEFA in male LDLR** mice (Panel C). Results are presented as averages +SD
from triplicate determinations. p < 0.05, "p < 0.01, ™p < 0.005, ™ p < 0.0001 (adjusted p-
values), ns=no significant.
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5.2.1.10 Lipid peroxidation product, and Vcam-1 mRNA as

indicators of inflammatory endothelial damage

Lipid peroxidation is tightly linked to high fat diet, and obesity (Johnson et
al., 2007). Diet-induced obesity is associated with an increase in the formation
of lipid peroxidation-derived aldehydes (Baba et al., 2011). Therefore, MDA
(Malondialdehyde) was performed to investigate properdin wild type and
properdin deficient mice fed Western diet and high fat—high sugar diet. As in the

previous chapter was mentioned the relation between Vcam-1 and MDA level.

The result showed that MDA had a tendency to be higher in female mice fed
high fat -high sugar diet, but there was not the significant different between
properdin deficient, and properdin wild type mice (Figure 5.23, A). Interestingly,
MDA level was higher in properdin deficient of male LDLR** mice fed high fat -
high sugar diet (0.33+0.01 pmol/l), and Western diet (0.31+0.01 pmol/l)
compared to properdin wild type group (0.26£0.01 pmol/l), (0.26+0.01 pmol/l)
respectively (Figure 5.23, B). Male LDLR** mice fed Western diet had a
tendency to be higher aortic Vcam-1 expression in properdin deficient mice
compared to properdin wild mice (Figure 5.23, C). It can be concluded that
properdin may play a significant role in the decrease of MDA in male LDLR**
mice groups, and there was a tendency to be higher Vcam-1 in properdin
deficient mice compared to properdin wild type mice; however, no significant
role of properdin in the initiation of MDA was detected in female mice and also

Vcam-1.
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Figure 5-23 The effect of properdin on MDA assay test, and Vcam-1 in aorta.

Mice fed high fat-high sugar diet (58R3), Western diet (5TJN), and low fat diet (5LF2). MDA in
female LDLR** mice, female LDLR”- (panel A) male LDLR**, LDLR-/- (panel B). Aorta mRNA
expression of Vcam-1 in male LDLR** mice fed Western diet and low fat diet (panel C). Results
are presented as averages +SD from triplicate determinations. “p < 0.05, “p < 0.01, ™p < 0.005,
(adjusted p-values), ns=no significant.

187



52.1.11 Analysis of gene expressions as markers of M1 and M2

activity

M1 and M2 macrophage markers including Arginase-1 and iINOS were
measured previously. The aim was to investigate the effect of properdin on
macrophage activity. The result showed there was a tendency to be increased
of MRNA expression INOS (Figure 5.24, A and B), and the decreased of
Arginase-1 (Figure 5.25, A) in spleen and liver of properdin wild type mice fed
high fat-high sugar diet mice group compared to properdin deficient mice,
although the differences between them were not significant. Female LDLR**
properdin deficient mice fed high fat-high sugar diet had significantly higher
Arginase -1 in liver mice compared to properdin wild type mice (Figure 5.25, B).
Our results showed that properdin deficient mice may have M2-Macrophage

activity; it appears that properdin might play a role as M1-macrophage activity.
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Figure 5-24 The effect of properdin on hepatic and splenic gene expression of iNOS.
Female LDLR", LDLR** mice fed high fat high sugar diet (58R3), Western diet (5TJN), low fat
diet (5LF2) on splenic gene expression of INOS (Panel A). Female LDLR”- and LDLR** mice fed
high fat high sugar diet (58R3) on hepatic gene expression of INOS (Panel B). Results are
presented as averages +SD from triplicate determinations. "p < 0.05 (adjusted p-values), ns=no
significant.
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Figure 5-25 The effect of properdin on hepatic and splenic gene expression of Arginase-
1.

Mice fed high fat-high sugar diet (58R3), Western diet (5TJN), and low fat diet (5LF2). Splenic
MRNA expression of Arginase-1 in female LDLR+/+ mice (panel A), spleen mRNA expression
of Arginase-1 in female LDLR** mice (panel B). Results are presented as averages +SD from
triplicate determinations. *p < 0.05, (adjusted p-values), n.s=no significant.
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5.2.1.12 Candidate genes involved in cholesterol metabolism (SR-B1,
HMGCR and PPAR-y)

In order to investigate whether properdin plays a role in cholesterol regulation,
and prevention free cholesterol consequences, therefore candidate genes
including SR-B1 (scavenger receptor class bl) (cholesterol uptake), HMGCR (3-
hydroxy-3-methylglutaryl-co-enzyme A reductase) cholesterol synthesis and
PPAR-y (Peroxisome proliferator-activated receptor gamma) (Cholesterol
regulation) were analysed. Interestingly, SR-B1 mRNA expression of LDLR"
PWT fed high fat-high sugar diet had a tendency to have higher compared to
LDLR”PKO fed high fat-high sugar diet (Figure 5.26, A). Interestingly, PPAR-y
mMRNA expression in LDLR**PWT fed high fat-high sugar diet had a tendency
to have lower compared to LDLR”PKO fed high fat-high sugar diet (Figure
5.26, C). These results suggested that properdin deficiency may lead to the
increase of cholesterol synthesis, and dysregulation of cholesterol metabolism,
and this was observed mainly in the groups receiving a high fat-high sugar diet.
It is possible that the added sugar aggravates the metabolic compromise found

in the absence of properdin.
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Figure 5-26 The effect of properdin on hepatic gene expression of SR-B1, HMGCR and
PPARy.

Mice fed high fat-high sugar diet (58R3), Western diet (5TJN), and low fat diet (5LF2). Liver
MRNA expression of SR-B1 in female LDLR-/-, LDLR+/+ mice (Panel A), liver mRNA
expression of HMGCR in female LDLR, LDLR** mice (panel B), liver mRNA expression of
PPARYy in female LDLR”, LDLR** mice (Panel C). Results are presented as averages *SD
from triplicate determinations. "p < 0.05 (adjusted p-values), n.s=no significant.
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5.2.1.13 Analysis of adipokinins in epididymal fat pads

The main purpose of performing microarray was to see the effect of Western
diet in the presence and absence of properdin on mice adipose tissue. IGFBP-
2, 3, 5, 6 (Insulin like growth factor binding protein-2, 3, 5, 6) had a tendency to
have lower in properdin wild type mice compared to properdin deficient mice
(Figures 5.27, Panels A and B). Adiponectin had a tendency to have lower in
properdin wild type compared to properdin deficient mice (Figures 5.27, Panels
A and B). Feutin- A, MCP-1, and lipocalin-2 had a tendency to have higher in
properdin deficient mice compared to properdin wild type mice (Figures 5.27,
Panels A and B). In conclusion, it can be observed that protein involved in
fibrosis, steatosis, inflammation, metabolic syndrome disease were higher in
properdin deficient mice compared to properdin wild type mice (Figure 5.27,
Panels A and B). VEGF, FGFacidic, C-reactive protein, and DPPIV proteins
were not changed. To see how properdin affects apoptosis, apoptosis was

measured.
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Figure 5-27 The Mouse adipokine array detects multiple protein analyses in adipose
tissue of wildtype and deficient mice.

Proteome profile mouse adipokine array in mice fed Western diet with (5TIJN PWT), and without
properdin (5TJN PKO) (Panel A), mice fed high fat high sugar diet with, and without properdin
PKO vs PWT (Panel B). Adipose tissues were excised and prepared as described in the
adipose tissue array preparation.
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5.2.1.14 Apoptosis in liver

Apoptosis is a key mechanism in the progression and the development of fatty
liver disease (Rensen et al., 2009a). Properdin can bind to late apoptotic or
necrotic cells, it plays as a focal point for local amplification of alternative
pathway complement activation (Xu et al.,, 2008). In order to investigate the

properdin effect on the liver cell damage, apoptosis was measured by
cytochemical stain using ApopTag® In Situ Apoptosis Detection Kits (Millipore,
Cat no. S7100). The result showed that the tendency to have more apoptosis
was higher in properdin wildtype mice compared to properdin deficient mice fed
high fat diet (Figure 5.28, B). In order to know whether properdin plays a role in
complement activation and C5a activity, classical, alternative pathways, and

CbHa ELISA was measured.

Apoptotic cells
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o

Figure 5-28 Apoptosis test for liver sections of western diet.
A positive liver apoptosis example (panel A), positive cells were counted over five mm? grids

(B).
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5.2.1.15 Human serum alternative, and classical pathway

Alternative, and classical pathway activation tests were performed for normal,
overweight, and obese people. The cohort analysed was taken from a
published study while ethical approval was valid (investigation of inflammatory
markers in sepsis, Pl Prof Jonathan Thompson, (Stover, 2015). Serum samples
were stored at-80°C, and heat lability of appropriately diluted samples was
verified (56°C, 30 min, data not shown). The aim was to study whether obesity
plays a significant role in the increase of classical, and alternative pathway
activation in vivo. Because oxidized LDL caused classical complement
activation in human serum (Saad et al., 2006), we tested classical pathway
activation in serum at the level of C9. Chylomicron accelerates C3 tick-over by
regulating the role of factor H, leading to the overproduction of ASP resulting in
acceleration of alternative pathway activation (Fujita et al., 2007). The assay
captures residual activities of the serum prepared from blood which is activated
in vivo. BMI is plotted in Figure 1. Our results showed that normal people had
higher residual activity of the classical pathway, and alternative pathway
compared to obese people (Figure 2, Figure 3). The elevation of residual

activity in normal people was the result of preserving activity in vivo.
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Figure 5-29 Body mass index (BMI), functional complement residual activities of human
serum.

Classical pathway complement (CP), and alternative pathway complement (AP) at the level of
formation of C9 (A-B).BMI (panel A), classical pathway activation (panel B), alternative pathway
activation (panel C). Results are presented as averages +SD from triplicate determinations. "p <
0.05, "p < 0.01, ™p < 0.005, ™ p < 0.0001 (adjusted p-values), ns=no significant.
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5.2.1.16 Effect of properdin on functional complement activation
ELISAs (classical, and alternative pathway activation, and C5a

level

The purpose was to study whether properdin plays a significant role in the
decrease or increase of classical, and alternative pathway activation in vivo.
Because oxidized LDL caused classical complement activation in human serum
(Saad et al., 2006), therefore we tested classical pathway activation in serum of
mice at the level of C9. The effect of high fat diet on complement activity has
not yet been investigated in mice.

Our results showed that properdin deficient mice fed high fat high sugar diet
had lower residual activity of the classical pathway compared to properdin wild
type mice (Figure 5.30, panels A, B). In addition, properdin wild type mice in
mice fed Western diet had higher classical residual activity compared to
properdin deficient mice (Figure 5.30, panels A, B). The elevation of residual
activity in properdin wild type mice is the result of preserving activity in vivo. Our
results showed that properdin wild type mice fed high fat-high sugar diet had
higher alternative residual complement activities compared to properdin
deficient mice, and lower than low fat diet (Figure 5.31, A). In properdin wild
type mice group fed Western diet, C5a protein level was significantly higher
compared to properdin deficient mice group (Figure 5.31, B). It can be
concludes that the increase of residual activity in properdin wild type mice given
high fat- high sugar diet as the result of preserving activity in vivo. Properdin is
likely to exert its effect on classical, and alternative pathway indirectly (via
increase of residual activity in properdin wild type group compared to properdin
deficient mice group), and also caused the increase Cbha levels. It appears that
consumption of high fat diet leads to complement activation in serum (compare
5LF2 with 58R3 for WT), and that there is a requirement for alternative pathway
amplification in this process (compare KO 5TJN with WT 5TJN, KO 58R3 with
WT 58R3, and lack of difference for 5LF2).
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Figure 5-30 The effect of properdin on complement classical pathway activation in female

mice sera.

Mice fed high fat-high sugar diet (58R3), Western diet (5TJN), and low fat diet (5LF2) (A-B).
Effect of properdin on complement classical pathway activation in female LDLR** mice (Panel
A), on complement classical pathway activation in female LDLR"mice (Panel B). Results are
presented as averages +SD from triplicate determinations. "p < 0.05, ™p < 0.01 (adjusted p-

values), ns=no significant.
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Figure 5-31 The effect of properdin on complement alternative pathway activation and
C5ain mice sera.

Mice fed high fat-high sugar diet (58R3), Western diet (5TJN), and low fat diet (5LF2) (A-B).
Effect of properdin on complement alternative pathway activation in female LDLR** mice (Panel
A), effect of properdin on C5a level in male LDLR** mice (Panel B). Results are presented as
averages +SD from triplicate determinations. "p < 0.05, “p < 0.01, ™p < 0.005, *p < 0.0001
(adjusted p-values), ns=no significant.
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52.1.17 Serum Vitamin D level

The aim was to determine whether Vitamin D is increased in properdin deficient
mice and properdin wild type of mice given high fat-high sugar diet. Our result
showed that properdin deficient mice had a tendency of lower Vitamin D in
properdin deficient mice of LDLR”- mice fed high fat-high sugar diet compared
to properdin wild type mice, but no significant different between them (Figure
5.32, A). Interestingly, lower Vitamin D serum level (25.99+2.50) of LDLR**
PKO mice fed high fat-high sugar diet compared to properdin wild type mice
(46.7+5.55) (Figure 5.32, B). It can be reported that in properdin deficient mice
fed high fat-high sugar diet developed low serum Vitamin D in LDLR**

background.
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Figure 5-32 The effect of properdin on Vitamin D level of mice sera.
Mice fed high fat-high sugar diet (58R3), Western diet (5TJN), and low fat diet (5LF2) (A-B).
Effect of properdin on Vitamin D level in female LDLR"- mice (Panel A), effect of properdin on
Vitamin D level in female LDLR** mice (Panel B). Results are presented as averages =SD from
triplicate determinations. *p < 0.05 (adjusted p-values), ns=no significant.
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Vitamin D is a lipopholic hormone, hyovitamin D and metabolic syndrome
disease are associated with obesity (Barchetta et al.,, 2013). Because
Triglyceride were higher in properdin deficient mice fed high fat-high sugar diet,
and Western diet compared to wild type mice, the possibility of VD being less
measurable because it is compartmentalised differently, needs to be
considered.

5.2.1.18 Relationship of properdin, and C5L2 protein expression, and
protein presence

Because ASP (Acylation stimulating protein) plays a role in TG synthesis so any
impairment of ASP will lead to the increase of FFA influx to liver. ASP
Impairment may lead to TG reduction, FFA influx to liver, VLDL secretion
(HyperapoB), and LDL increase with at the result that insulin resistance will be

developed (Kildsgaard et al., 1999, Paglialunga et al., 2008))

lin C5L2 deficient mice fed a diabetogenic diet, mice developed insulin
resistance after 12 weeks (elevated insulin, and glucose levels). The increase
of triglyceride storage, and glucose transport in adipocytes has been linked with
Acylation stimulating protein (ASP), which is a hormone secreted by the
adipose tissue. These effects are mediated by C5L2 receptor, which has also
been associated with inflammatory effects. C5L2 deficient mice on a low-fat diet
are hyperphagic yet lean, due to increased energy expenditure. Previous study
assessed insulin sensitivity, and metabolic, and inflammatory changes in
C5L2KO mice vs WT in diet-induced obesity (Fisette et al., 2013). The aim was
to see the effect of properdin on C5L2 mRNA expression and C5L2 protein
presence. Our result showed that properdin wild type mice had a greater C5L2
MRNA expression in mice fed Western diet (Figure 5.33, A) and high fat high
sugar diet (Figure 5.33, B) compared to properdin deficient mice.

Because mRNA expression was performed for adipose tissue therefore adipose
tissue was homogenised then the protein was measured by Nano drop, and
adjusted to same amount of protein. The aim was to investigate the difference
between properdin wild type, and properdin deficient mice effect on C5L2
protein presence by Western blotting method. The Western blot result of
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homogenised adipose tissue showed that C5L2 protein presence in properdin
deficient mice fed Western diet, and high fat high sugar diet compared to
properdin deficient mice (Figure 5.34).

For further investigation of C5L2 protein presence in properdin wild type, and
properdin deficient mice, Western blotting was performed for homogenised
liver. Interestingly, C5L2 protein presence in homogenised liver in properdin
deficient mice of mice fed Western diet, and high fat high sugar diet was greater
protein presence compared to properdin deficient mice (Figure 5.35). For
further investigation of C5L2 protein presence in properdin wild type, and
properdin deficient mice, immunohistochemistry was performed for liver, and

adipose tissue.

Because C5L2 Western blot of homogenised adipose tissue and livers were
higher in properdin wild type compared to properdin deficient mice, therefor
immunohistochemistry for C5L2 was performed in adipose tissue and liver mice
Parts of adipose tissues, livers of 16 weeks’ male LDLR** mice, were fixed,
paraffin embedded and 4um slides were prepared. The aim was to further
investigate the difference between properdin wild type, and properdin deficient
mice. Our immunohistochemistry for C5L2 adipose tissue showed that
properdin wild type mice had a greater C5L2 protein presence in adipose tissue
in mice fed high fat-high sugar diet, and Western diet compared to properdin
deficient mice (Figure 5.36). In addition, immunohistochemistry of liver mice
showed that properdin wild type had more C5L2 protein presence in liver of
mice fed western diet compared to properdin deficient mice (Figure 5.37). For
further investigation of C5L2 protein presence in properdin wild type, and
properdin deficient mice, immunofluorescent for adipose, and liver
homogenised was performed. Because C5L2 Western blot of homogenised
liver, and immunohistochemistry of C5L2 in liver parts was higher in properdin
wild type compared to properdin deficient mice; therefor immunofluorescent
staining of livers and adipose tissue were performed. The aim was to further
investigate the difference between properdin wild type, and properdin deficient
mice. Our immunofluorescent for C5L2 adipose tissue showed that properdin
wild type had more C5L2 protein presence in liver of mice fed Western diet

compared to properdin deficient mice (Figure 5.38). In addition,
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immunofluorescent staining of livers for C5L2 protein showed that properdin
wild type had more C5L2 protein presence compared to properdin deficient
mice (Figure 5.39). It appears from our result that properdin deficient mice may
have less lipid clearance therefore properdin deficient mice enhances metabolic
syndrome disease. It was concluded that properdin deficient mice may have
less lipid clearance therefore properdin deficient mice enhances metabolic

syndrome disease.
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Figure 5-33 mRNA expression of C5L2 in adipose tissue.

The effect of properdin on adipose tissue gene expression of C5L2. Mice fed high fat-high sugar
diet (58R3), Western diet (5TJN), and low fat diet (5LF2). Adipose tissue mRNA expression of
C5L2 in male LDLR** mice fed Western diet and low fat diet (Panel A), adipose tissue mMRNA
expression of C5L2 in male LDLR** mice fed high fat-high sugar diet and low fat diet (panel B).
Results are presented as averages +SD from triplicate determinations. *p < 0.05, "p < 0.01,
(adjusted p-values), ns=no significant.
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Figure 5-34 Western blot of C5L2 protein presence in adipose tissue.
Properdin wild (PWT), and properdin deficient (PKO) of mice fed high fat-high sugar diet

(58R3), and Western diet (5TJN) for 10 weeks.

STJN 58R3

I [ I
PWT PKO PWT PWT PKO PKO PWT PKO

C5L2 in liver
(Size: 36kDa)

| B-actin
(Size: 41kDa)

Figure 5-35 Western blot of C5L2 protein presence in livers.
Properdin wild (PWT), and properdin deficient (PKO) of mice fed high fat-high sugar diet
(58R3), and Western diet (5TJN) for 10 weeks.
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Figure 5-36 Immunohistochemistry of C5L2 adipose tissue of mice fed high sugar-high
fat diet, and western diet.

C5L2 protein presence in adipose tissue of 10 weeks of properdin wild type, and properdin
deficient of mice fed high fat-high sugar diet, and western diet.

Properdin wild type mice fed Western diet (panel A), properdin deficient mice fed Western diet
(Panel B), Properdin wild type mice fed mice fed high fat high sugar diet (panel C), properdin
deficient mice fed high fat high sugar diet (Panel D), mice fed low fat diet (Panel E), negative
control (panel F)
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Figure 5-37 Immunohistochemistry staining of livers of mice fed Western diet.

C5L2 protein presence in liver of 10 weeks of properdin wild type ,and properdin deficient mice
fed high fat-high sugar diet ,and Western diet (A-C). Properdin wild type mice (panel A)
properdin deficient mice (Panel B), negative control (panel C).

A B
PWT PWT Negatlve control

Figure 5-38 Immunofluorescent for adipose tissue of mice fed Western diet.

C5L2 protein presence in adipose tissue sample of 10 weeks of properdin wild type ,and
properdin deficient mice fed Western diet (A-B). Properdin wild type mice (panel A) properdin
deficient mice (Panel B), negative control (panel C).

A B
PKO

Figure 5-39 Immunofluorescent for livers of mice fed Western diet.

C5L2 protein presence in liver of 10 weeks of properdin wild type, and properdin deficient mice
Western diet (A-B). Properdin wild type mice (panel A) properdin deficient mice (Panel B),
negative control (panel C).

\egall\c control
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5.2.2 Effect of properdin on Fatty liver disease in five weeks
diet

Effect of properdin on NAFLD in 5 weeks given diet on Five weeks’

To investigate the role of properdin in a dietary model, properdin wild type, and

properdin deficient mice were given high fat high sugar diet or western diet for 5

weeks. Age matched Female LDLR”, Female LDLR**, and male LDLR",

LDLR** were analysed.

20 male mice (4 LDLR”PWT, and 7 LDLR”PKO) (3 LDLR**PWT, and 6 LDLR"

PKO),14 female mice (4 LDLR**PWT, 3 LDLR**PKO, 3 LDLR"PWT, 4 LDLR"

-PKO) were given high fat-high sugar diet for 5 weeks, and also eighteen male

mice were given western diet (9 LDLR**PWT, 9 LDLR**PKO).

5.2.2.1 Histopathology of livers from male LDLR”mice in

relation to properdin

5.2.2.1.1 Electron microscopic analysis

Mice had electron microscopic analysis of their livers performed. This analysis
was qualitative in nature, but individual lipid droplets were measured as part of
the documentation of findings. Properdin wild type mice given high fat-high
sugar diet no large, only small, droplets were seen (Figure 5.40, A)
representative image in a mouse, but large lipid droplets were seen (measuring
up to13.08 Micron) in properdin deficient mice fed high fat-high sugar diet
(Figure 5.40, panel B). The results also showed that in properdin wild type mice
fed high fat high sugar diet smaller mitochondria were observed (Figure 5.41,
A), while. mega mitochondria were observed in properdin deficient mice fed
high fat-high sugar diet (Figure 5.41, B).
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Figure 5-40 Electron micrograph showing fat droplets from livers of mice fed high fat diet
for five weeks.

In properdin wild type (panel A), and properdin deficient mice (panel B). Small fat droplet (blue
arrow) (panel A). Large fat droplets (orange arrows) (panel B). Five micron, N=nucleus. X8000.
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Figure 5-41 Electron micrograph showing mitochondria from livers of mice fed high fat
diet for five weeks.

In properdin wild type (panel A) and properdin deficient mice (panel B). Normal mitochondria
(black arrow) (panel B). A mega mitochondrion in the cytoplasm of a hepatocyte (orange
arrows) (panel B), dilated, blebby, and more prominent distribution of rough endoplasmic
reticulum (red arrow) (panel B), X8000.
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According to Schonthal and colleagues dilated, blebby, and more prominent
distribution of rough endoplasmic reticulum appeared due to endoplasmic
reticulum stress (Schonthal, 2012). These were seen in properdin deficient mice
(Figure 541, B).

5.2.2.1.2 Haematoxylin eosin staining of livers:

Parts of all livers mice were fixed, paraffin embedded, and 4 um slides were
prepared. Fatty changes were predominately detected in properdin wild type
mice. In properdin wild type mice, there were many microvesicular were seen
(Figure 5.42, A). Macrovesicular (red arrows) (steatosis) presence of marked
fatty changes near CV (zone 3) in middle column in high fat —high sugar diet in
properdin deficient mice (Figure 5.42, B). It can be said that in properdin wild
type mice, there was less evidence of steatosis, and inflammation, except some
microvesicular, and a few macrovesicular fatty changes. Macro and
microvesicular fatty changes refer to the size of the observed space that was
occupied by fat prior to paraffin processing. Typically, macrovesicular fat
accumulation is the size of a hepatocyte, while microvesicular accumulation
appear as small droplets in size. These are accepted descriptive terms in
histopathological evaluation of livers (Schwen et al., 2016).
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58R3,
PWT

Figure 5-42 Haematoxylin and eosin staining of paraffin embedded liver sections
obtained from mice.

Representative images of male mice. Mice fed high fat-high sugar diet for five weeks, properdin
wild type mice (panel, A), properdin wild type mice (panel, B). Microvesicular (blue arrows),
macrovesicular (red arrows) (steatosis) CV, central vein 100x. Scale bars represents 100
Micron.

The data from Haematoxylin eosin staining highlighted that, properdin deficient
male LDLR” background mice given high fat high sugar diet for five weeks
developed steatosis.

Fatty liver changes are difficult to quantify based on the regional differences
within the liver (Schwen et al., 2016). Therefore, a state of the art analysis using
magnetic resonance imaging (MRI) was applied to determine a numerical
difference in NAFLD for properdin wild type and properdin deficient.
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5.2.2.1.3 Magnetic resonance imaging (MRI) from PKO, and PWT liver mice
The main reason for understanding MRI on mouse livers was to accurately
measure the amount of lipids present in livers of properdin deficient mice
compared to properdin wild type. Previous haematoxylin, eosin, and electron
microscopy of livers showed that larger fat droplets were seen in properdin
deficient mice compared to properdin wild type. Our MRI results showed that fat
fraction % was significantly higher in properdin deficient mice compared to
properdin wild type mice (Figure 5.43) (regardless diet), it was higher in in both

male and female properdin deficient mice (Table 5.8).

Table 5.8 MRI of mouse livers from female, and male mice.

Fat fraction % Fat fraction %
In Male Genotypes In Female Genotypes
Diet PWT PKO PWT PKO
5TJN 8% 15.6% Nil Nil
58R1 6.8% 13.3% Nil Nil
58R3 7.4% 12.8% 8.6% 12.9%

Five weeks mice given a Western diet (5TJN), high fat high sugar diet (58R3) or low fat diet
(58R1).

20 A
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[

Figure 5-43 Percentage fat fraction using MRI of mouse livers from male mice (regardless
diet).

Properdin wild type mice (PWT), properdin deficient mice (PKO).The data are represented as
means + SD (**p < 0.01).
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5.2.2.2 Body weight, and fat pad weight percentage

There was a tendency to be higher percentage fat pad weight, and body weight
percentage in male LDLR”-properdin deficient mice fed high fat-high sugar diet
compared to wild type mice (Table 5.10). This agrees with Gauvreau et al.,
(2012) who showed that properdin deficient mice had higher body weight, and
fat pad weight compared to properdin wild type mice. In addition, male
LDLR**properdin deficient mice fed Western diet had higher fat pad weight ,
and body weight in properdin deficient mice compared to wild type mice (Table
5.12). There were no significant differences in body weight, and fat pad
percentage between properdin deficient mice and properdin wild type mice fed
Western diet and high fat-high sugar diet (Tables 5.11).

5.2.2.3 Effect of properdin on Liver function

The previous ten-week study revealed that properdin deficient mice developed
liver damage. To investigate liver damage mice fed high fat-high sugar diet for
five weeks, liver function tests were performed. In male LDLR”properdin
deficient mice given high fat-high sugar for five weeks, an increase of liver
transaminases was detected compared to properdin wild type mice group
(Table 5.9). In the absence of properdin, hepatic damage markers, such as
AST, and ALT, were increased compared to properdin wild type mice group
(Table, 5.9).

5.2.2.4 Effect of properdin on endotoxin level and inflammation

A lower level of endotoxin was detected in properdin wild type compared to
properdin deficient mice. Properdin wild type mice had lower IL-6, but was not
significantly different compared to properdin deficient mice. The current data
highlight the importance of properdin in an anti-inflammatory role, and prevents
intestinal leakage (decreased endotoxin level) in five weeks (Table 5.9).
Interestingly properdin has been reported to aid in LPS clearance (Kemper and
Hourcade, 2008).

5.2.2.5 Effect of properdin on metabolic syndrome

In five weeks, in male LDLR properdin deficient mice, fed high fat-high sugar
diet, led to the increase of insulin resistance possibilities, this was due to high
insulin level, high glycated haemoglobin, and low adiponectin level compared to
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properdin wild type mice (Table 5.9). In properdin deficient mice given high fat-
high sugar diet had higher metabolic syndrome such as NEFA, TG, and lipid

peroxidation compared to properdin wild type (Table 5.9).

Our results showed in male properdin deficient mice given high fat-high sugar
diet for five weeks developed NAFLD, and metabolic syndrome disease,
interestingly, properdin wild type mice resulted in the less NAFLD, and
metabolic syndrome.

It can be concluded that properdin plays a significant role in the prevention of
steatosis inflammation, insulin resistance, and metabolic syndrome disease in
male LDLR” mice, and female LDLR** mice fed high fat —high sugar diet. In
addition, male LDLR** mice fed western diet may lead to the possibility of
metabolic syndrome disease in properdin deficient mice compared to properdin

wild mice.
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Table 5.9 Male mice, mice given high fat-high sugar diet for five weeks.

Measurements M LDLR”PWT, 58R3, M LDLR", PKO, n=7
n=4
Percentage of body 19.34 +/- 10.24 21.8 +/- 6.35 "
weight gain (control was 9.70 3.52) (control was 16.05
+/- 0.91)
Percentage of fat pad 3.215 +/- 0.69 4.357+/- 0.60*
weight (control was 1.92 (control was 2.33
+/- 0.85) +/- 0.66)
AST Mean +/- SD 124.3 +/- 13.07 135.9 +/- 11.85
(control was 78.27 (control was 96.98
+/- 6.99) +/- 6.97*%)
ALT (IU/L) Mean +/- 68.54 +/- 5.11 91.09+/-11.08*
SD (control was 45.77 (control was 79.99
+/- 9.65) +/- 1.32)
Insulin (ng/ml) Mean 1.95+/- 0.51 4.43+/- 1.37*
+/- SD (control was 0.59 (control was 0.76
+/- 0.04) +/- 0.14)
Adiponectin (ug/l) 2.09 +/-0.11 1.61 +/- 0.24*
Mean +/- SD (control was 2.69 (control was 2.36
+/- 0.10) +/- 0.28**)
HbAlc (fm/l) Mean +/- 61.19+/- 8.85 70.92+/- 10.07 ns
SD (control was 6.97+/- (control was 29.83+/- 23.6)
2.32)
Triglyceride (mg/dl) 65.85+/- 11.64 125.3+/- 40.83*
Mean +/- SD (control was 39.42 +/- (control was 43.2 +/- 8.67)
7.27%)
NEFA (mmol/l) Mean 0.59+/- 0.01 0.82+/- 0.01***
+/- SD (control was 0.33 (control was 0.06
0.03) 0.03)
Endotoxin (1U/ml) 5.57 +/- 0.58 12.98 +/- 2.97***
Mean +/- SD (control was 2.105 (control was 3.22
0.92**) 0.51)
IL-6 (ng/ml) Mean +/- 13.68 +/- 3.05 17.4 +/- 2.77 s
SD (control was 6.80 + 0.07) (control was 9.32 + 0.73)
MDA (umol/l) Mean +/- 0.30 +/- 0.01 0.32 +/- 0.01*
SD (control was 0.18+/-0.00) (control was 0.20+/-0.01)

Male LDLRPWT/PKO mice fed high fat high sugar diet (58R3) for five weeks. Comparisons
were between: control values vs 58R3, and LDLR”PWT vs LDLR”PKO. Results are presented
as averages +SD from triplicate determinations. "p < 0.05, "p < 0.01, ™p < 0.005, "p < 0.0001
(adjusted p-values), vs=versus, n.s=no significant.

For further investigation of the properdin role in mice given high fat-high sugar
diet for five weeks, female mice were used. Fourteen mice were fed high fat-
high sugar diet (seven LDLR** PWT/PKO, and seven LDLR” PWT/PKO) for
five weeks (Table, 5.10). The result showed that female properdin deficient
mice developed NAFLD, and metabolic syndrome disease, which were less
developed in wild type mice. Inflammation marker (IL-6), prediabetic

(insulin),and metabolic syndrome such as NEFA were increased in properdin
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deficient mice compared to properdin wild type mice in LDLR** back ground

mice . LDLR”PKO mice had higher IL-6 compared to properdin wild type mice
(Table 5.10).

Table 5.10 Female mice given high fat-high sugar diet for five weeks.

Genotypes IL-6 (ng/ml) +/- Insulin (ng/ml) NEFA (mmol/l) Percentage of
SD +- SD +- SD body weight
gain
LDLR** PWT 1.78 +/- 0.06 1.76 +/- 0.16 0.27+/- 0.05 20.37+/-
(n=4) (n=4) (n=4) 0.90, (n=4)

(control was
1.1+/-1.55%*)

LDLR** PKO 1.95 +/- 0.05* 2.16 +/- 0.44 +/- 0.03 18.67+/-
(n=3) 0.22%(n=3) (n=3) ** 729, ((1=E))
LDLR” PWT 2.15 +/- 0.09 2.13+/- 0.01 0.23 +/- 0.02 10.45+/-
_ _ _ 3.60 (n=2)
(=2} (=) (=) (control was 3.97
+/-1.50, n=3)
LDLR” PKO 2.44 +/- 0.18 2.24 +/- 0.006* 0.37 +/- 0.04 0.7+/-
(=3) (=2) (=2) 0.98 (n=2)

Female LDLRPWT/PKO, LDLR** PWT/PKO mice fed high fat high sugar diet (58R3) for five
weeks).Comparisons were between LDLR**PWT vs LDLR**PKO, and LDLR”"PWT vs LDLR"
PKO. The data are represented as means + SD (*p<0.05, “p < 0.01, ™p < 0.005), vs=versus

Table 5.11 Male mice given high fat-high sugar diet, and Western diet for five weeks.

Genotypes Percentage of fat Percentage of body weight gain
pad weight
5TJN LDLR** 4.74+/- 1.08 (n=4) 34.39+/-
PWT (control was 2.07 7.76 (n=4) (control was 2.75+/-2.70%)
+/- 0.88 %)
5TJN LDLR** 4.01 +/- 1.62 16.02+/-
PKO (n=4) control was 16.78 (n=4) (control was 6.56+/-2.46)
2.65 +/- 0.02)
58R3 LDLR**  4.41 +/- 1.48 (n=3) 29.58+/-
PWT (control Wa?s'li’fg(g:rs;?l.SO, n=3)
58R3 LDLR**  2.26 +/- 0.89* (n=6) 18+/-
PKO 5.83 (n=6)

Comparisons were between 5TJN LDLR**PWT vs 5TIJN LDLR**PKO, and 58R3 LDLR*"*PWT
vs 58R3LDLR**PKO. The data are represented as means + SD (*p<0.05), vs=versus
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Table 5.12 Male mice given Western diet for five weeks.

Genotypes Percentage of fat pad Body weight

weight
5TJN LDLR** 1.543 + 0.18* 37.17 £0.72*%,
PWT (n=3) P value=0.02 (n=3)
5TJN LDLR** 4.067 + 0.54 30.33+£1.89
PKO (n=3) P value=0.02

(n=3)

Comparisons were between 5TJN LDLR**PWT vs 5TIJN LDLR**PKO, and 58R3 LDLR**PWT
vs 58R3LDLR**PKO. The data are represented as means * SD (*p<0.05), vs=versus.

In conclusion, male and female properdin deficient mice given high fat-high
sugar diet for five weeks developed NAFLD, the increase of insulin level, NEFA
level compared to properdin wild type mice. All measurements were higher in
mice given high fat-high sugar diet for ten weeks compared to mice given high
fat-high sugar diet for five weeks. The tendency to get metabolic syndrome
disease was higher in male mice given high fat-high sugar diet for five weeks
compared to female mice given high fat-high sugar diet for five weeks, based
on elevated NEFA, and IL-6 levels.
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5.3 Discussion

Properdin deficient female, and male LDLR** mice fed high sugar-high fat diet
had greater body weight gain, and central obesity (in male mice) compared to
properdin wild type mice. This is coincidence with Gauvreau and colleagues
who showed that properdin limited the diet induced increase of body weight, fat
pad weight (Gauvreau et al., 2012). There is a correlation between complement
activation and insulin resistance, severe obesity and diabetes mellitus type 2
(Kolev and Kemper, 2017). C1q deficient mice lead to the decrease of insulin
resistance. In addition, CD55 (decay acceleration factor, DAF)-deficient
animals, which is the key negative complement regulator, led to the increase of
complement C3 and C5 activation. As a result, it developed the possibility to be
appeared insulin resistance and the increase lipid adiposity (Lewis et al., 2011).
Furthermore, the increase of classical pathway activation caused the elevation
of triglyceride dysregulation, because adiponectin binding to C1g complement
system leads to more C3a-desArg processing from C3a (Peake et al., 2008).
There is an association between alternative pathway and the C3a-deArg
metabolism because compared to mice control, C3-deficient and factor B
deficient mice developed delayed triglyceride, NEFA and glucose tolerance
(Paglialunga et al., 2008). Properdin deficient mice led to the increase of fat
storage in mice given a high-fat diet and this is associated with decreased
energy expenditure and delayed triglyceride clearance (Gauvreau et al., 2012).

Liver histology showed that that female, and male LDLR**PKO mice fed
Western diet, and high fat-high sugar diet had greater liver steatosis, and
lobular inflammation compared to LDLR**PWT mice. Olive green stain, and
electron microscopy showed that properdin deficient mice fed Western diet for
10 weeks developed severe steatosis, and all features of NAFLD, while in
properdin wild type mice less steatosis was observed. To understand the further
effect of properdin on steatosis, strebp-1c mMRNA expression as a steatosis
marker was performed. Complement components could enhance triglyceride
(TG) formation by lipolysis inhibition, enhanced glucose, and FFA uptake, and
the decrease of FFA release indirectly (Phieler et al., 2013).The result showed
higher strebp-1¢c mRNA expression in properdin deficient mice compared to wild

type mice fed high fat-high sugar diet. For further investigation of inflammation,
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IL-6, and TNF-a in serum were measured. The current data highlight that male
LDLR** and female LDLR"- properdin deficiency mice led to the increase of IL-6
compared to properdin wild type mice in mice fed Western diet and high fat-high
sugar diet. IL-6 level increased during expansion of adipose tissue which was
more obvious in properdin deficient mice. Adipose tissue expansion which is
associated which obesity the result it leads to the increase of FFA, inflammatory
cytokines adipose tissue which impact insulin sensitivity and lipid metabolism
disorders (Gutierrez et al., 2009). The current data highlight the importance of
properdin in an anti-inflammatory role, and prevents intestinal leakage
(decreased endotoxin level). Interestingly, properdin has been reported to aid in
LPS clearance (Kemper and Hourcade, 2008). This coincidence with our result
which showed that endotoxin level was higher in properdin deficient mice
compared to properdin wild type mice. The empirical findings in this study
provide a new understanding of properdin, and suggest that it plays a significant
role in the prevention of steatosis. This is the first study to analyse liver function
tests, to detect properdin effect in mice fed Western diet and high fat-high sugar
diet in both LDLR” ,and LDLR** back grounds. The results showed that male
properdin deficient mice fed Western diet had higher AST, and ALT levels
compared to properdin wild type mice. However, ALT level was normal in
female LDLR”- properdin deficient mice fed high fat-high sugar diet, so there
might be a sex dependent effect for this observation. Insulin, adiponectin, and
glycosylated haemoglobin were performed to investigate prediabetic features.
My result showed that properdin deficiency in mice fed high fat-high sugar diet,
and Western diet may play a role in the initiation of diabetes. To further
understand the role of properdin in inflammation, endotoxin was measured.
Relatively lower levels of endotoxin were seen in wild type mice which may
mean increased properdin dependent clearance of LPS or decreased intestinal
permeability, neither of which this study addressed mechanistically. This result
concludes that properdin plays a significant role in the prevention of NAFLD,
and NASH development, and also showed that Western diet, and high fat-high
sugar diet affected the increase of endotoxin in circulation. Delayed
postprandial TG clearance, and reduced adipocyte size were shown in C5L2-
deficient mice fed a diabetogenic diet, and also some insulin resistance

features, and inflammation were detected including higher glucose uptake, and
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lipid deposition in the liver (Paglialunga et al., 2007). Properdin plays a
significant role in complement activation which leads to the development more
ASP initiates as a result triglyceride synthesis is increased, lipid storage in
adipocytes and liver through C3a, C5a and C5L2 (Phieler et al., 2013). Our
result showed that C5L2 mRNA expression was higher in in adipose tissue of
properdin wild type mice compared to properdin deficient mice fed Western diet,
high fat-high sugar diet and low fat diet. For further investigation of C5L2
protein presence in properdin wild type, and properdin deficient mice, Western
blotting was performed for homogenised liver and adipose tissue. The result
showed higher C5L2 expression in adipose tissue and liver of properdin wild
type mice compared to properdin deficient mice. In addition, C5L2 protein
presence in liver, and adipose tissue was higher in properdin wild type mice
compared to properdin deficient mice by immunohistochemistry and
immunofluorescent staining. It appears from our results that properdin deficient
mice may have less lipid clearance, therefore properdin deficient mice have
enhanced metabolic syndrome disease. Properdin increases NEFA level, in
murine 3T3-L1 adipocytes, addition of properdin inhibited the insulin-mediated
stimulation of fatty acid uptake, and incorporation into TG, but this experiment
lacked a control (Gauvreau et al., 2012). However, our result showed that
properdin prevented metabolic syndrome disease by the decrease of
triglyceride, and NEFA serum level compared to properdin deficient mice. The
differences were detected between our study and Gauvreau and colleagues
study was in the high fat diet content used for establish the model. The
differences were detected between our study was the high fat diet content given
to mice. The fat percentage in our Western diet and high fat-high sugar diet
study was 39.1 % and 59.4 % consequently, while the percentage of fat in
Gauvreau and his collages study was 45 %. The elevation of lipopolysaccharide
and NEFA, which are bound to TLR4, associated with insulin resistance (Gray
et al., 2011). Adiponectin binds to Clqg (Peake et al., 2008) which leads to
classical pathway activation (Cui et al., 2009). As a result, more C5a, C3a and
C5L2 are expressed. The high level of C5L2 leads to more lipid clearance, so
our properdin wild type had less NEFA and NAFLD. Because our result showed
that properdin deficient mice fed Western diet and high fat-high sugar diet had

higher NEFA, TLR4, and endotoxin levels, and low adiponectin. Therefore, our
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properdin deficient mice caused the obesity and insulin resistance. Properdin
may also play a significant role in the decrease of MDA in male LDLR” mice
groups, and there was a tendency to higher Vcam-1 expression in aorta in
properdin deficient mice compared to properdin wild type mice. However, no
significant role of properdin in the initiation of MDA or vcam-1 was detected in
female mice. The results showed that properdin deficient mice had higher M2-
Macrophage activity; and it appears that properdin might play a role as
maintaining M1-macrophage activity. Properdin deficiency may lead to the
increase of cholesterol synthesis, and dysregulation of cholesterol. It can be
observed that protein involved in fibrosis, steatosis, inflammation, and metabolic
syndrome disease were significantly higher in properdin deficient mice
compared to properdin wild type mice fed high fat-high sugar diet, and Western
diet resulting in immune activation by leading to higher classical and alternative
pathway activation in properdin wild type mice. Human serum results showed
that highly classical and alternative pathway activation compared to overweight
mice and normal people, this is agrees with Vors and colleagues who showed
that comparing obese versus lean people, chylomicrons were higher and more
enriched with LPS in obese people when compared with lean people (Vors et
al., 2015). Chylomicron accelerates C3 tick-over by regulating the role of factor
H, leading to the overproduction of ASP resulting in acceleration of alternative
pathway activation (Fujita et al., 2007). Our adipose tissue microarray result
showed that Lipocalin-2, and IGFB-5 was lower in properdin wild type mice
compared to properdin deficient mice. However, they were higher in properdin
wild type mice compared to properdin deficient mice (Gauvreau et al., 2012).
Fetuin A (Trepanowski et al., 2015), Lipocalin-2, (Wang et al., 2007), IGFBP-6
(Insulin like growth factor binding protein, 6) (Shimasaki and Ling, 1991) are
increased in obesity, and diabetic, overweight and NAFLD. All were higher in
properdin deficient mice compared to properdin wild type. However, they were
not significant differences between properdin wild type and properdin deficient
mice (Gauvreau et al., 2012). The differences were detected between our study
was the high fat diet content given to mice. The fat percentage in our Western
diet and high fat-high sugar diet study were 39.1 % and 59.4 %, while the
percentage of fat diet in Gauvreau and his colleagues study was 45 %. The

other reason probably was that properdin deficient mice had lower C5L2 mRNA
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expression and protein presence compared to properdin wild type, so less lipid
clearance occurred in our properdin delicence mice model. In a study
comparing obese versus lean people, chylomicrons were higher and more
enriched with LPS in obese people when compared with lean people (Vors et
al., 2015). Chylomicron accelerates C3 tick-over by regulating the role of factor
H, leading to the overproduction of ASP resulting in acceleration of alternative
pathway activation (Fujita et al., 2007). The five week-study provided a
meaningful time point in evaluating the development of metabolic changes
induced by a high fat diet: Male and female properdin deficient mice given high
fat-high sugar diet for five weeks developed NAFLD, the increase of insulin
level, NEFA level compared to properdin wild type mice. There are association
between elevation of NEFA, obesity, inflammation, dyslipidaemia, and insulin
resistance state (Karpe et al., 2011). In five weeks, in male LDLR" properdin
deficient mice, fed high fat-high sugar diet, led to the increase of insulin
resistance possibilities, this was due to high insulin level, high glycated
haemoglobin, and low adiponectin level compared to properdin wild type mice.
In properdin deficient mice given high fat-high sugar diet had higher metabolic
syndrome such as NEFA, TG, and lipid peroxidation compared to properdin wild
type. There are association between elevation of NEFA, obesity, inflammation,
dyslipidaemia, and insulin resistance stat (Karpe et al., 2011). Our results
showed in male properdin deficient mice given high fat-high sugar diet for five
weeks developed fatty liver, and metabolic syndrome disease. Interestingly,
properdin wild type mice resulted in the less fatty liver disease, and metabolic
syndrome. Our results showed that female properdin deficient mice developed
NAFLD, and metabolic syndrome disease, and less developed in the presence
of properdin. Inflammation marker (IL-6), prediabetic (insulin), and metabolic
syndrome such as NEFA were increased in properdin deficient mice compared
to properdin wild type mice in LDLR** back ground mice. In LDLR”PKO, mice
had higher IL-6 compared to properdin wild type mice. The limitation to the
results presented herein was clearly time and resources; it is of interest to work
out mechanistically the relationship between elevated C5L2 in properdin
deficient mice to high triglycerides and greater steatosis, and how this
knowledge might be used to revert pathology to the lesser extents observed in

wildtype.
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Chapter 6 The role of Exercise and

Vitamin D on mice induced obesity
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6.1 Introduction

Another obvious intervention aside, form dietary supplement (and avoidance of
fatsand sugars) is exercise. With the gift of an exercise wheel suitable for cages
from collaborators at University of Hull, | was able to study the effect of
voluntary exercise in groups of mice receiving unhealthy diets. Because there
was only one exercise wheel, and the NACWO estimated the floor space to be
sufficient only for three mice, the group sizes were limited to three each cage

(exercise and normal ventilated cage).

Interestingly, hepatic fibrosis detected histologically by Sirius Red, and alpha
smooth muscle actin staining) appeared in the obese state, and was decreased
due to the exercise training of HFD mice (Bieghs et al., 2012). A high fat diet
can lead to the changing of phenotypic M 2 to M1 macrophages in mice. It is
obvious that tumour necrosis factor (TNF-a) has a role in enhancing
inflammation, but exercise training of mice caused down regulation of TNF-a in
adipose tissue (Kawanishi et al., 2012).

Exercise mediated decrease in hepatic steatosis might be due to activation of
fuel oxidation by exercising (Alex et al., 2015). Exercise leads to the decrease
of obesity by the prevention of fat deposition, and also it prevents
cardiovascular disease risks by reducing LDL, and the elevation of HDL (Kraus
et al., 2002). Exercise has a significant role in the prevention of inflammation by
inhibition of monocyte, and macrophage infiltration into adipose tissue
(Kawanishi et al., 2010), and by the reduction visceral fat, and anti-inflammatory
cytokines production (Petersen and Pedersen, 2005). There is a strong
evidence in reducing risk of diabetes mellitus type 2 when exercising regularly
(Gleeson et al., 2011).

According to Kawanishi et al. (2010), exercise training improves serum ACT
levels, and in addition has a role in the decrease or inhibition of inflammation by
switching of M1 macrophage to M2 macrophage. TNF, and F4/80 mRNA
expression in adipose tissue mice was reduced a result of the exercise training.
A M1 macrophage marker, CD11c, increased in high fat diet; as result, it has
decreased mRNA expression in the exercise training high fat diet fed mice.
However, CD163, M2 macrophage marker, decreased in high fat diet; while,

there was increased mMRNA expression in adipose tissue of the exercise mice
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training. The mRNA expression of Toll like receptor 4 was decreased in adipose
tissue of the exercise training mice.

No study has yet investigated the additional positive effect of voluntary exercise
on the beneficial effect of Vitamin D added to our high fat high sugar diet. It is
well established that participation in regular exercise improves blood glucose
control, prevents type 2 diabetes, and leads to body weight decrease, and the
decrease in development of diabetes by up to 58% in high-risk populations
(Colberg et al.,, 2010). Exercise leads the increase of insulin sensitivity in
adipocytes and muscle cells which caused by diabetes or obesity related
disease (Figure 6.1). Exercise has anti- inflammatory role, it also prevents
NAFLD disease (Figure 6.2)
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Figure 6.1 Proposed model of action of exercise on muscle cells.

Glucose transporter protein (GLUT4) is the rate limiting step in glucose utilization.

GLUT4 is expressed in muscle cells. Insulin, and exercise are most potent activators of GLUT4.
High fat-high sugar diet increases the possibility to get diabetes. In diabetes, GLUT4
translocation is impaired, therefore, GLUT4 is not activated by insulin. Vitamin D is beneficial
because it can upregulate GLUT 4 activity by increasing AMPK (activated protein kinase)
activation.
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Figure 6-1 Proposed model of action of exercise on muscle cells.

Exercise leads to the decrease of PAMP production so causes the decrease of phosphorylation,
and translocation of NFkB, and p38MAPK into the cell nucleus. This antagonises the activity of
LPS, which binds to TLR4, signalling via NFkB and p38MAPK. Red crosses indicate the
intracellular inhibitory effect of exercise. In addition, exercise decreases Feutin A, Lipocalin-2,
IGFBPs, and myeloperoxidase, which is beneficial in decreasing susceptibility to developing
liver steatosis and insulin resistance.

6.2 Specific materials and methods

Male C57BI/6 mice were used for the exercise cage (NACWO) for 5 weeks.
Mice were randomised to 4 groups, fed for 5 weeks on the formulated
(cholesterol free) diet 58R3 (20% protein, 36% fat, 35% carbohydrate, rich in
sucrose) differing in the content of admixed Vitamin D 3 (1 1U/g vs 10 1U/g)
(TestDiet). The mice were divided into 4 groups. Group A Exercise wheel
(which records revolutions) , n=3, mice were fed with high fat high sugar diet
(58R3) with Vitamin D + exercise for 5 weeks only, on PPL 40/3488. At the
endpoint, revolutions were recorded, for the three mice (923850*4=3695400)

revolutions.

Group B Normal ventilated cage, n=2, (58R3+Vitamin D). Group C, and D as
above, without Vitamin D: Group C, n=3, for exercise wheel, Group D, n=2 in
normal ventilated cage, diet was 58R3 without Vitamin D. This showed us the
positive effect of voluntary exercise on NAFLD developed on the high fat high
sugar diet, 58R3. As for Groups A, and B, revolutions were recorded at the

endpoint, and averaged for the three mice, but Group C mice revolutions were
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not recorded due to technical difficulty. Mice were weighed at the end of study.
Mice were bled by cardiac puncture under terminal anaesthesia, and tissues

kept for further analyses (muscle for array, liver for histology).

Therefore the aim of this chapter was to investigate the additional effect of
voluntary exercise on the beneficial effect of Vitamin D added to our high fat
high sugar diet. C57BI/6 mice were used in the study, where the additional role
of exercise was studied. A variety of readouts were used (Body weight, liver
histology, ELISA (insulin, IL-6, TNF-a. NEFA, complement activation), and

muscle protein array).

6.3 Result

6.3.1 Effect of exercise, and Vitamin D on fatty liver disease

The aim was to see if there was an additional positive effect of voluntary
exercise on the beneficial effect of Vitamin D added to our high fat high sugar
diet. At the end of five weeks, all four groups mice were bled by cardiac
puncture under terminal anesthesia, and tissues kept for further analyses;

muscles for array, liver for histology.

In this experiment, only compared 2 groups mice fed the Vitamin D
supplemented high fat high sugar diet with, and without access to the exercise,
there was not normal diet for this study. Therefore, we cannot comment on diet
related body weight gain or liver weight gain. This was meant as a pilot for
further studies, we simply looked at the effect of exercise in two dietary

situations with a limited number of commercial mice
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6.3.1.1 Body Weight measurement

Body weight was measured at final week (week 5) for all experimental mice. It
decreased significantly in C57BL/6 mice fed the Vitamin D supplemented high
fat high sugar diet with access to the exercise wheel (30.62 + 0.15) compared to
mice fed the Vitamin D supplemented high fat high sugar diet without access to
the exercise wheel (Figure 6.3). However, mice fed 58R3 compared in body
weight to mice on 58R3, but exercised (Figure 6.3). In the group of mice given
58R3, there was no increase in body weight likely due to increased fighting
within this particular group. Taken together, these results suggest that
additional exercise to mice fed the Vitamin D supplemented high fat high sugar
diet with access to the exercise wheel had a tendency to decrease of body
weight compared to mice fed the Vitamin D supplemented high fat high sugar

diet without access to the exercise wheel (Figure 6.3).
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Figure 6-2 The effect of exercise and Vitamin D on body weight measurement.
C57BL/6 mice fed high fat high sugar diet for five weeks. comparison were: 58R3+VD+ exercise
vs 58R3+VD+ exercise ,and 58R3+exercise vs 58R3.
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6.3.1.2 Liver, and end liver % body weight (g) (C57BL/6 mice)

There were not possibility to have significant difference in liver weight between

the groups (Figure 3, A), and the percentage of liver weight whichever way
expressed (Figure 6.4, B).
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Figure 6-3 The effect of exercise and Vitamin D on liver weight measurement.

C57BL/6 mice fed high fat high sugar diet (58R3) for five weeks. Liver weight (A), and the
percentage of liver (B) in C57BL/6 group mice. The comparison were: 58R3+VD+ exercise vs
58R3+VD+ exercise, and 58R3+exercise vs 58R3.
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6.3.1.3 Fat pad weight (g)

The mice fed the Vitamin D supplemented high fat high sugar diet with access
to the exercise wheel had a tendency to have lower fat pad weight compared
the Vitamin D supplemented high fat high sugar diet without access to the
exercise wheel (Figure 6.5, A). In mice were given high fat high sugar diet with
access to the exercise wheel, there was a tendency to decrease fat pad weight
compared to mice were given high fat-high sugar diet without access to the
exercise wheel (Figure 6.5, A). The fad pad percentage of body weight had a
tendency to have lower in mice fed the Vitamin D supplemented high fat high
sugar diet with access to the exercise wheel compared to mice fed the Vitamin
D supplemented high fat high sugar diet without access to the exercise. In
addition, in mice fed high fat-high sugar diet had a tendency to have lower fad
pad percentage of body weight compared to mice fed high fat-high with access
to the exercise compared to mice fed high fat high sugar without access to

exercise (Figure 6.5, B).
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Figure 6-4 The effect of exercise and Vitamin D on epididymal fat pad weight
measurement.

C57BL/6 mice fed high fat high sugar diet for five weeks. Epididymal fat pad weight (A), and the
percentage of fat pad weight (B) in C57BL/6 mice. The comparison were: 58R3+VD+ exercise
vs 58R3+VD+ exercise and 58R3+exercise vs 58R3.
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6.3.1.4 Histopathology of livers in C57BL/6 mice fed high fat, and high

sucrose diet+ Vitamin D + Exercise

All groups were C57BL/6 mice, sections were prepared from liver, stained with
haematoxylin/eosin, and analysed microscopically. Liver steatosis, and
inflammation were seen in mice fed high fat-high sugar diet. Vitamin D
supplementation with and without exercise led the amelioration of fatty liver
changes and inflammation, but the effect was greater and no microvesicular
and lobular inflammation in mice fed the Vitamin D supplemented high fat high
sugar diet with access to the exercise wheel (Figure 6.7, A) compared to mice
fed the Vitamin D supplemented high fat high sugar diet without access to the
exercise (Figure 6.7, B) and to mice fed high fat high sugar diet with the
exercise (Figure 6.7, C). Macro vesicles were detected in mice fed high fat-high
sugar diet, while in the presence of Vitamin D, exercising mice showed micro
vesicular lipid inoculations. Lipid accumulation was observed near central vein
(zone 3) in mice fed 58R3 diet. (Figure 6.7, D). Pieces of livers of 9 weeks old
C57BL/6 mice were fixed, paraffin embedded, and slides were prepared stained
with haematoxylin, and eosin. Fatty changes were predominately detected in
the livers from mice fed the high fat high sugar diet. There are many
microvesicular, and macro-vesicular lipid droplets in livers from mice fed the
high fat high sugar diet (Figure 6.7, D). Many inflammatory cells were detected.
They might be neutrophilic infiltration or mononuclear cells around portal vein,
which are called portal inflammation, or it appears between cells that are called

lobular inflammation (Figure 6.7, D).
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Figure 6-5 Haematoxylin and eosin staining of paraffin embedded liver sections obtained
from mice.

Representative images of typical appearance of the livers. No inflammation ,and steatosis was
seen in mice fed the Vitamin D supplemented high fat high sugar diet with access to the
exercise (panel, A), microvesicular in mice fed the Vitamin D supplemented high fat high sugar
diet without access to the exercise wheel (panel, B) lobular inflammation in mice fed the high fat
high sugar diet with access to the exercise wheel (panel, C) Fatty changes in great amount,
microvesicular (blue arrows), macrovesicular (red arrows) (steatosis) ,and inflammation (green-
heads) presence of marked fatty changes near CV (zone 3) in middle column in high fat —high
sucrose diet (Panel D) CV, central vein 20x. Scale bar represents 100 Micron.

235



Table 6.1 Scoring system in liver mice fed high fat-high sugar diet for five weeks.

Lobular inflammation scores (A), and steatosis scores (B) in mice fed the Vitamin D
supplemented high fat-high sugar diet with access to the exercise wheel compared to mice fed
the Vitamin D supplemented high fat high sugar diet without access to the exercise wheel, and
also high fat high sugar diet with access to the exercise compared to high fat high sugar without

access to exercise.

0 No foci 2/3 0/2 2/3 1/2
1 Less than 2 1/3 2/2 1/3 1/2
2 2-4 0/3 0/2 0/3 0/2
3 More than 4 0/3 0/2 0/3 0/2

0 Less than 5% 2/3 1/2 1/3 0/2
1 5-33% 1/3 1/2 2/3 0/2
2 33-66% 0/3 0/2 0/3 0/2
3 More than 66% 0/3 0/2 0/2 2/2

Histological scoring system was performed as described by Kleiner and
colleagues (Kleiner et al., 2005). High score (score 3) for steatosis, and lobular
inflammation (score 2) was seen in high fat diet-high sugar diet mice. However,
no lobular inflammation, and steatosis was documented in mice fed the Vitamin
D supplemented high fat high sugar diet with access to the exercise wheel
(Table 6.1, A), and lobular inflammation in exercise group ((Table 6.1, A ).
Steatosis scores (ranges from 0-to 3) show that in mice receiving high fat high
sugar diet there are severe fatty change (grade 3), while in groups of mice
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receiving Vitamin D supplemented high fat high sugar diet with access to the
exercise, no grade three, and two were documented (Table 6.1, B). In addition,
microvesicular were detected in Vitamin D group without access to exercise
(Table 6.1, B). It appears from Haematoxylin eosin staining that mice fed high
fat high sugar diet caused steatosis and inflammation, while in mice receiving
Vitamin D supplemented high fat high sugar diet with access to the exercise no
steatosis ,and inflammation was detected. To further investigate steatosis, and

inflammation, measurement of NEFA, and TNF-q, IL-6 were performed.

6.3.1.5 Anti-inflammatory effect on mice fed the Vitamin D supplemented

high fat high sugar diet with access to the exercise wheel.

Because obesity induces inflammation (Wellen and Hotamisligil, 2003), and we
found inflammation in liver histopathology, TNF-a, and IL-6 ELISA were
performed. Candidate inflammatory markers are TNF-a, involved in monocyte
attraction, and IL-6 (involved in monocyte attraction (Hursting and Hursting,
2012). TNF-a protein had possibility lower from mice fed the Vitamin D
supplemented high fat high sugar diet with access to the exercise wheel
compared to the Vitamin D supplemented high fat high sugar diet without
access to the exercise wheel (Figure 6.7, A). IL-6 was also had a tendency to
have lower from mice fed the Vitamin D supplemented high fat high sugar diet
with access to the exercise wheel compared to the Vitamin D supplemented
high fat high sugar diet without access to the exercise wheel (Figure 6.7, B). In
mice fed high fat high sugar diet with access to the exercise TNF-a protein had
a tendency to have lower compared to high fat high sugar without access to
exercise (Figure 6.7, A), and also IL-6 protein had possibility lower from mice
fed high fat high sugar diet with access to the exercise group mice compared to
high fat high sugar without access to exercise (Figure 6.7, B). The current data
highlight the importance of supplementary dietary Vitamin D with access to
exercise in an anti-inflammatory role, and even more the beneficial effect of
exercise (with and without Vitamin D). To study the amelioration of steatosis,
and prevention of metabolic syndrome disease level in Vitamin D supplemented
high fat high sugar diet with access to the exercise wheel compared to the
Vitamin D supplemented high fat high sugar diet without access to the exercise

wheel, NEFA was tested in mice sera.
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Figure 6-6 The effect of exercise and Vitamin D on TNF-a and IL-6 ELISA.

Mice fed high fat high sugar diet (58R3) for five weeks. TNF-a ELISA (A) and IL-6 ELISA (B) in
C57BL/6 mice sera. The comparison were: 58R3+VD+ exercise vs 58R3+VD+ exercise ,and
58R3+exercise vs 58R3.
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6.3.1.6 The effect of mice fed the Vitamin D supplemented high fat high
sugar diet with access to the exercise wheel on the metabolic

syndrome

The increase of non-esterified fatty acids (NEFAS) in obese situation was
shown to contribute in the development of various disturbances related to the
metabolic syndrome, such as hepatic, and peripheral insulin resistance, and
dyslipidaemia (Sarafidis and Bakris, 2007). Because liver histology showed that
in high fat diet-high sucrose had steatosis, and no steatosis in treated groups
(Vitamin D, and exercised group mice), therefore NEFA was tested in mice
sera. NEFA had possibility to have lower in mice fed the Vitamin D
supplemented high fat high sugar diet with access to the exercise wheel
compared to the Vitamin D supplemented high fat high sugar diet without
access to the exercise wheel. In mice fed high fat high sugar diet with access to
the exercise group mice had possibility lower NEFA compared to high fat high

sugar without access to exercise (Figure 6.8).

Figure 6-7 The effect of exercise and Vitamin D on NEFA essay in C57BL/6 mice sera.
Mice fed high fat high sugar diet (58R3) for five weeks. The comparison were: 58R3+VD+
exercise vs 58R3+VD+ exercise, and 58R3+exercise vs 58R3.
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6.3.1.7 Effect of exercise on insulin sensitivity

Insulin levels are increased in circulation in mice given high fat diet compared to
control mice ((Ha and Chae, 2010). Mice fed the Vitamin D supplemented high
fat high sugar diet with access to the exercise wheel had possibility to have
lower insulin levels compared to the Vitamin D supplemented high fat high
sugar diet without access to the exercise wheel. In mice fed high fat high sugar
diet with access to the exercise group mice, insulin levels had possibility to
have lower compared to mice fed high fat high sugar diet without access to the
exercise group (Figure 6.9). These findings suggest that the combined effect of
exercise and Vitamin D is greater than the individual intervention to reduce
insulin.  To understand how 58R3 diet causes complement activation, and to
see how Vitamin D, and exercise affect the activation, classical and alternative

pathway was performed.
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Figure 6-8 The effect of exercise and Vitamin D on Insulin ELISA in C57BL/6 mice sera.
Mice fed high fat high sugar diet (58R3) for five weeks. The comparison were: 58R3+VD+
exercise vs 58R3+VD+ exercise ,and 58R3+exercise vs 58R3.
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6.3.1.8 Testing functional complement activation (classical, and
alternative pathway activation)

In an in vitro study, oxidized LDL caused classical complement activation in
human serum (Saad et al., 2006), therefore we tested classical pathway

activation in serum from mice at the level of C9.

Our results showed that classical pathway complement residual activation (CP)
in mice fed 58R3 without exercise had possibility to have lower compared to
mice fed 58R3 with exercise (Figure 6.10, A). Mice fed the Vitamin D
supplemented high fat high sugar diet with access to the exercise wheel had
possibility to have higher residual activity compared to the Vitamin D
supplemented high fat high sugar diet without access to the exercise wheel
(Figure 6.10, A). It can be said that the increase of residual activity in mice
given high fat high sugar diet supplementary Vitamin D with access to exercise,

as the result of preserving activity in vivo.

In a study of obese versus lean people, chylomicrons were higher, and more
enriched with LPS in obese people in compared with lean people (Vors et al.,
2015). Fujita et al (2006) reported that chylomicron accelerates C3 tick-over by
regulating the role of factor H, leading to the overproduction of ASP; and as a
result, it causes acceleration of alternative pathway activation. Our previous
results showed that more Triglycerides (TGs), endotoxin levels were showed in

high fat —high sucrose compared to mice treated with Vitamin D.

Our results showed that alternative pathway complement residual activation
(CP) in mice fed 58R3 without exercise had possibility to have lower compared
to mice fed 58R3 with exercise (Figure 6.10, B). Mice fed the Vitamin D
supplemented high fat high sugar diet with access to the exercise wheel had a
tendency to have higher residual activity compared to the Vitamin D
supplemented high fat high sugar diet without access to the exercise wheel
(Figure 6.10, panel B). The Vitamin D and exercise interventions are likely to
exert their effect on classical and alternative pathway indirectly (via decrease of
residual activity in exercise and Vitamin D group compared to the combinations
of Vitamin D and exercise group mice, so relatively more in vivo activation and

consumption of activities).
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Figure 6-9 The effect of exercise and Vitamin D on functional classical and alternative
complement pathway.

Mice fed high fat high sugar diet (58R3) for five weeks. Functional complement residual
activities of classical pathway complement (CP) (panel A), and alternative pathway complement
(AP) at the level of formation of C9 (panel B). The comparison were: 58R3+VD+ exercise vs
58R3+VD+ exercise and 58R3+exercise vs 58R3.
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To further understand the beneficial role of exercise, and Vitamin D together,
array proteins were analysed for muscle mice in groups mice given high fat high

sugar diet supplementary Vitamin D with, and without access to exercise.

6.3.1.9 Cytokines protein microarray in muscle

Different proteins were expressed in muscle including: cytokines, enzymes,
chemokines, and metabolic proteins. Muscle cells express various membrane
bound molecules on the cell surface (adhesion molecule, chemokine receptors,
and co-stimulatory molecules), especially under inflammatory conditions; in
addition, various soluble factors are produced by muscle cells, such as
cytokines, chemokines, and matrix metalloproteinases. TLR4 expression in
muscle is increased during exercise (Shapiro et al., 2009). PAMPs may be
recognised in muscle cells by TLRs (LPS binds TLR4), leading the activation of
NF-kB; as the result, different cytokines, and chemokines are produced.
However, exercise in mice also leads to the reduction of cytokines, and
chemokines due to anabolic effect of exercise. Exercise means increased
glucose uptake by muscle, better glycaemic index, counteracts pre-diabetic
phenotype.

So far as we know, muscle is a main producer of IL-6 during exercise, and we
studied the overall pro inflammatory contributions of muscle as part of our
study. Proteins that are linked to inflammation, obesity, diabetes, and metabolic
syndrome disease are lower in exercised mice group compared to non-
exercised group mice (Figure 6.12). So, the result showed the beneficial
significant role of exercise to ameliorate high fat diet —high sucrose induced

obesity.

The remainder of proteins are expressed to a lesser extent in muscle from mice
receiving high fat high sugar diet with Vitamin D, and access to voluntary

exercise.

The main purpose to perform microarray was to see the effect of high fat diet —
high sugar diet in the presence, and absence of exercise. Fetuin A
(Trepanowski et al., 2015), and Lipocalin-2, (Wang et al., 2007) are increased in
obesity and diabetic, overweight and fatty liver disease. IGFBP-3, 5, 6 (Insulin
like growth factor binding protein-3,5,6) (Shimasaki and Ling, 1991) and C-
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reactive protein (Fronczyk et al., 2014) are elevated during obesity and
diabetes. Protein cytokines, and chemokines, enzymes involved in diabetes,
steatosis, and inflammation are a tendency to increase in muscle tissue of mice
given high fat diet (Figure 6.12). There is a tendency marked decrease of these
proteins in exercise of mice given high fat diet plus exercise in addition to
Vitamin D (Figure 6.12). Groups of proteins that are not changed on exercise
are: CCL12, CD160, Coagulation factor, Chitinase-3-likel, Cystatin, DPPIV,
and IGFBP-2.

The increase of endothelial adhesion molecules (VCAM-1, ICAM-1) may lead to
atherosclerosis, diabetes, and hypertension in obese people (Ferri et al., 1999).
Inflammatory cytokines interleukin-1 beta (IL-1 beta), and tumor necrosis factor-
alpha (TNF alpha) plays a role to increase endothelial adhesion molecules
(Picchi et al., 2006). Our results showed a tendency to have less cytokines
production in exercised group mice and less endothelial adhesion molecules
initiation. Our result showed VCAM-1 and ICAM-1 had a tendency to have less
in mice fed the Vitamin D supplemented high fat high sugar diet with access to
the exercise wheel compared to the Vitamin D supplemented high fat high

sugar diet without access to the exercise wheel (Figure 6.12, C,E).

Osteopontin (OPN) is a protein in muscle cells, and infiltrating cells involved in
inflammation, fibrosis, and muscle regeneration (Zanotti et al., 2011). It is a
multifunctional phosphoprotein, it had a tendency to have less expressed in
exercise group mice. It has been reported that high glucose levels cause OPN
expression through protein kinase C-dependent pathways (Takemoto et al.,
2000). Our result showed had a tendency to have less Osteopontin in mice fed
the Vitamin D supplemented high fat high sugar diet with access to the
exercise wheel compared to the Vitamin D supplemented high fat high sugar

diet without access to the exercise wheel (Figure 6.12, D).
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Figure 6-10 Muscle cytokines array protein membrane spots (A) and representative
examples (B).

Positive references in mice fed the Vitamin D supplemented high fat high sugar diet with access
to the exercise wheel compared to the Vitamin D supplemented high fat high sugar diet without

access to the exercise wheel.
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Table 6.2 All proteins detected in the microarray.

BAFF, C- MCP-1, CCL5, MMp-2: Angiopoiet C5/C5a P-selectin, IGFBP-1,2,3,4,4,6,
reactive CCL6, (C10), matrix in 2, , C1gR1, Factor ICAM, Vcam- RAGE, LDLR, Gas
protein, CCL11/Eotaxi metallopro  Angiopoiet D 1 6,Flt-3 Ligand, Fetuin
IFN-y, IL-4. n, CXCL 1-8, teinase-2, in-like 3, A, RAGE.
IL-33, IL-1 CXL13, MMP-3,9, FGF and Protein hormone
alfa, Chemerin,CCL  Endostatin  acidic, such as adiponectine
osteopontin, 12/MCP-5 DPPIV/D2 EGF,
RBP4, CCL21/6Ckine 6, Cystatin  Endoglin
Resistin, CCL22/MDC, C,
Reg3G lipocalin 2, LIX  Myelopero

xidase

Proteins of unknown function in muscle are CD160, R1/CD93.Groups of
proteins that were not changed: CCL12, CD160, Coagulation factor, Chitinase-
3-likel, Cystatin, DPPIV, and IGFBP-2.
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Figure 6-11 Effect of exercise and Vitamin D on muscle cytokines.

All proteins expression from muscle lysate (A-E). Mice fed the Vitamin D supplemented high fat
high compared to the Vitamin D supplemented high fat high sugar diet without access to the
exercise wheel.
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6.4 Discussion

C57Bl/6 mice fed 58R3 were used after 5weeks high fat diet—high sugar caused
the development of liver steatosis. Ten male mice C57BL/6 background were
used for this experiment to see the additional effect of exercise on mice fed high

fat diet supplemented Vitamin D or not.

Body weight, fat pad weight were measured at the end of study. Mice that were
fed high fat-high sugar diet (without additional Vitamin D) did not get body
weight increase; this may be because the mice were fighting each other. Body
weight, and fat pad weight had a tendency to have lower in mice fed the Vitamin
D supplemented high fat-high sugar diet with access to the exercise wheel
compared to mice fed the Vitamin D supplemented high fat high sugar diet
without access to the exercise wheel. There are many features that related to
NASH, such as steatosis, ballooning degeneration, lobular inflammation, and
giant mitochondria (Yeh and Brunt, 2007). Liver histology showed that C57BL/6
mice group without access to exercise showed increased steatosis, and
inflammation. Microvesicular were seen in mice fed high fat diet supplemented
Vitamin D without access to exercise, while no steatosis and inflammation were
seen at all in mice fed the Vitamin D supplemented high fat high sugar diet with
access to exercise. Alex and colleagues who showed that exercise mediated
decrease in hepatic steatosis might be due to activation of fuel oxidation by
exercising (Alex et al., 2015). IL-6 had a tendency to have less in mice fed high
fat-highsugar diet supplemented Vitamin D with access to exercise, compared
to mice fed high fat-high sugar diet supplemented Vitamin D without access to
exercise wheel. Our results coincide with Lira et al., (2011), who showed that
circulating IL-6 concentrations are highly correlated with percentage of body fat
and insulin resistance (Lira et al., 2011). Yeh, and Brunt, (2007) who showed
metabolic syndrome features such as obesity, hyperlipidemia, and diabetes are
associated with NAFLD/NASH. This means there is a possibility to have
diabetes in the case of having NAFLD. Interestingly, in our mice fed mice fed
high fat-high sugar diet supplemented Vitamin D without access to exercise, no
features of steatosis, inflammation and obesity were seen, and the insulin level

elevation had a tendency to have higher in mice fed high fat-high sugar diet
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compared supplemented with Vitamin D compared with mice fed high fat-high
sugar diet compared supplemented with Vitamin D with access to exercise.

Sarafidis and Bakris (2007) who showed that the increase in non-esterified fatty
acids (NEFAs) in obese situation were documented to contribute in the
development of various disturbances related to the metabolic syndrome, such
as hepatic, and peripheral insulin resistance, and dyslipidaemia. Our results
showed a tendency to have less NEFA in mice fed high fat diet supplemented
Vitamin D with access to exercise compare to mice fed mice fed high fat diet

supplemented Vitamin D without access to exercise.

In general, high fat-high sugar diet caused the increase of insulin resistance.
This is due to high insulin level, and was normalised by supplementary dietary
Vitamin D containing diet with access to exercise wheel. This is in agreement
with Geiger and colleagues who showed that exercise led to the decrease of
insulin level (Geiger et al., 2005). Also Forouhi et al, (2008) illustrated that low
Vitamin D serum 25-OH Vitamin D may lead to glycaemia, and insulin

resistance in non- diabetic subjects.

Oxidized LDL causes classical complement activation in human serum (Saad et
al., 2006). Our results showed that Vitamin D group with access to exercise
wheel had lower classical pathway residual activity compared to Vitamin D
group without access to exercise wheel because Vitamin D less led to the
decrease of oxLDL (Oh et al., 2009), and also less oxLDL- is produced in the

presence exercise (Vasankari et al., 1998).

Our results showed a tendency to have more alternative pathway residual
complement activity in mice fed high fat-high sugar diet without access to
exercise wheel compared to mice fed high fat-high sugar diet with access to
exercise wheel. Chylomicron accelerates C3 tick-over by regulating the role of
factor H, leading to the overproduction of ASP. As a result, it leads to the
increase of alternative pathway residual activity (Fujita et al., 2007). Mice fed
the Vitamin D supplemented high fat high sugar diet with access to the
exercise wheel had a tendency to have less alternative pathway residual activity
compared to mice fed the Vitamin D supplemented high fat high sugar diet

without access to the exercise wheel.
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Muscle array results showed that proteins, which are responsible for obesity,
steatosis, inflammation, fibrosis, cardiovascular disease, and diabetes, were
decreased in mice fed high fat diet supplemented Vitamin D with access to
exercise compared to mice fed high fat diet supplemented Vitamin D without
access to exercise. Exercise increases skeletal muscle GLUT4 Glucose
transporter type 4 (GLUT 4) expression by increasing AMPK (activated protein
kinase) activation (Richter and Hargreaves, 2013). As a result, there is no
glucose increasing in the blood circulation, and preventing the development of
diabetes. In conclusion it can be said both Vitamin D, and exercise have a
beneficial effect, which was additive to dampen inflammatory markers, and
metabolic syndrome disease markers (II-6, NEFA). The clear limitation for this
part of the study is the fact that the floor space, as judged by the Unit’s
NACWOs was compatible only for three mice. Since then, a European company
has brought smaller wheels on the market which allow the study of group sizes

of five mice. This will be desirable when work as this is repeated.
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Chapter 7 General discussion
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7.1 Introduction

This thesis applied both in vitro and in vivo models to studying the effect of
immune modulators to cells in culture or to different genotypes of mice. The
initial purpose of the work was to pursue the role of properdin in the
development of steatohepatitis, based on two clinical studies which showed
deposition of complement activation in clinical samples. A model had to be set
up first as part of this work and provided a time frame in which to study in vitro
effects of additional modulators discussed with collaborators at the University of
Hull (external supervisor Dr Hobkirk) or identified from the literature. The animal
model is one of low intervention and could be further refined as part of this
work. The questions analysed were novel and have yielded two publications so

far.

7.2 Characteristics of common nutrient additives with

beneficial dietary effect

The in vitro study was performed to investigate key parameters in a controlled
experimental setup before studying a relevant mouse model. J774
(macrophage cell line), and HepG2 (human liver cell line) were used to
investigate correlates of steatosis, obesity, and associated complications.
Neither DHA, Vitamin D nor Allicin had an impact on cell viability. To study
“prevention”, the cells were preconditioned with interventions including Vitamin
D, DHA at different concentrations for 1 day, and 5 days, and then stimulated
with LPS (100ng/ml). To study “treatment state” the cells were stimulated for 4
hours then treated with interventions for 1, and 5 days (post hoc). In addition,
FFA were used before, and after treatment with LPS (100ng/ml) as a control,
detrimental stimulus (Kheder et al., 2016). The expression of Vitamin D
receptor, and TLR4, and insulin receptor was confirmed for J774, and HepG2
cells. A decrease in mMRNA expression of insulin receptor after LPS treatment
compared to normal indicates a worse, less insulin responsive condition,
contrasting with the effect of Vitamin D (Kheder et al., 2016), supplemental
data. DHA, and Vitamin D were preconditioned for 5 days, and stimulated for 4
hours and 24 hours with LPS (100ng/ml). The reason for 4 hours and 24 hours
stimulation was to know the effectiveness of Vitamin D and DHA at lowering

TNF-a in the two different stimulation periods, and also it is established that in 4
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hours stimulation of J774 TNF-a mRNA reaches a peak (previous MSc projects
in lab). My result showed that DHA led to the decrease of mMRNA expression,
and protein level of TNF-a. This agrees with Oliver et al., (2012) that showed
the anti —inflammatory characteristic of DHA in other studies. Vitamin D was
used to investigate the anti-inflammatory role in both J774 and HepG2 cells.
The result showed that Vitamin D had a significant anti-inflammatory role, and
was most effective in higher concentrations. Therefore, we concluded that
Vitamin D has anti-inflammatory role and anti-steatosis (Kheder et al., 2016,
Supplementary Figure 3) which agrees with Ning and his colleagues who
showed that in diabetic rat models, Vitamin D caused the decrease of
inflammation, and steatosis (Ning et al., 2015).

Allicin was also used to investigate its anti-inflammatory role. Allicin has anti-
inflammatory role by the inhibition of p38, and JNK pathways, and the
expression of NF-kB in rats given the toxic substance trinitrobenzenesulfonic
acid (Li et al., 2015). For the first time Allicin was used as treatment, after
stimulation with LPS (100ng/ml) for 4 hours then the cells were treated with
Allicin for 1 day. The result showed that Allicin led to the decrease of TNF-a
MRNA expression. Therefore the treatment idea was applied to DHA, and
Vitamin D interventions (supplementary data in paper)

It can be concluded that Vitamin D, DHA, and Allicin had a significant role in the
decrease of inflammation. In addition, Vitamin D caused the prevention of lipid
accumulation in HepG2 cells which were stimulated with FFA.
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7.3 The effects of Vitamin D3 as a nutraceutical during

high fat diets

In in vivo studies, NAFLD model was provoked by given LDLR” mice 10-12
weeks Western diet (high fat diet). As a result, occasional steatohepatitis
(NASH) developed. CD68 positive cells were detected in hepatic sinusoids in
high fat diet mice of both genotypes around central vein, and fat droplets. Our
results are supported by a study which have presented that high fat and
cholesterol dietdiet induces macrophage infiltration, and accumulation in
adipose, and liver tissues (Stanton et al., 2011). Positive signals for INOS (as a
feature of NAFLD, and NASH) (Ha and Chae, 2010) were detected between
inflammatory groups in Western diet mice. Our C3 immunohistochemistry was
positive for most mice; this result coincides with Segers and colleagues who
reported that in non-alcoholic steatohepatitis, there was a correlation between
increased deposition of C3, lobular inflammation, and an increase of properdin
expression. Rensen and colleagues detected C3 in the liver of NAFLD, and
related this to steatosis and complement activation, leading to leukocyte
infiltration of the liver by C3a, and Cba initiation.

In order to investigate the amount of food eaten by mice giving western diet and
low fat diet in both properdin wild type and properdin deficient mice. The result
showed that there were no significant differences between mice given Western
diet compared with mice given low fat diet. Western diet led to the increase of
body weight, fat pad weight, liver weight, triglyceride, and TNF-a compared to
low fat diet (5LF2). This showed that Western diet may lead to the development
of obesity, and metabolic complications such as NAFLD, NASH, and diabetes.
Based on the triglyceride result for liver lysate, we decided to measure
triglyceride in serum because during freezing, and thawing, in the tube
triglycerides aggregate, and bind to the tube wall which will affect the result.
Another reason was a layer of fat/oil after boiling during pipetting a
homogenous solution will be added to the wells.

Alician blue staining was used to detect liver cirrhosis, but there was no sign of
liver cirrhosis, presumably because the experimental time was not sufficient to
initiate liver cirrhosis. Two mice did not even gain body weight. This may relate

to diet that caused alteration of gut microbiota, which is termed dysbiosis, which
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may cause host cell damage, and immunity consequences. In Western food,
which high in protein, leads to abnormality in gastro intestinal tract metabolism,
and immune homeostasis because some bacterial enzymes activities increase
such as azo reductase and nitro reductase. Dysbiosis also affects weight due to
the increase of bactericides species in the gut (Brown et al., 2012).

Liver includes parenchymal, and non-parenchymal cells. The most abundant
liver cells are hepatocytes, which is parenchymal cell fraction and represents
90% of the biomass (Crispe, 2016). Hepatocytes are cells in liver which are
involved in metabolic, endocrine, and secretory functions (Hindley et al., 2014,
Schwen et al, 2016). In the infectious state, local response and
immunologically active cells can be developed in non-parenchymal fraction,
which includes liver sinusoidal endothelial cells, Kupffer cells, hepatic stellate
cells, and trafficking monocytes, dendritic cells (DCs), natural killer cells, natural
killer T cells, and diverse varieties of CD4+, and CD8+ T cells (Crispe, 2016).
Liver contributes to the innate immune system as it is a source of protective,
and injury tissue proteins (Crispe, 2016). Self-defense at the cellular level:
Different receptors are expressed on hepatocytes, including surface receptors
(e.g., TLR4), endosomal receptors (e.g., TLR3), and cytoplasmic receptors
(e.g., stimulator of IFN genes [STING], retinoic acid inducible gene-1 (RIG-1),
and nucleotide-binding oligomerization domain (NOD) family members) (Seki
and Brenner, 2008). Microbial products (Vodovotz et al., 2001) and endogenous
signals such as heat shock protein 72, via their TLR2, and TLR4 receptors,
were responded to directly by isolated hepatocytes (Galloway et al., 2008). In
liver injury mediated by a TLR9 ligand, IRF7, and type 1 IFN signalling via the
IFN-aR ameliorated liver injury through the action of IL-1ra, an antagonist of IL-
1R signalling (Petrasek et al., 2011). There is a relation between signals from
intestinal microbiota, and hepatic biology. Therefore, it can be highlighted that
high fat diet may change intestinal microbiota diversity, and affect liver
inflammation. Besides that, hepatocytes themselves interact with innate
immune cells interactions.

LDLR 7 mice were used because of their inherent susceptibility to develop
steatosis, and steatohepatatis when fed a high fat, and high cholesterol diet. In
LDLR” mice were given HFD for 7 and 21 days, there was the development of

infiltrating macrophages in liver (Bieghs et al., 2012). While, LDLR” mice
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developed steatohepatitis after 3 months of high fat high cholesterol (HFC) diet
(Bieghs et al., 2012). The present study expands from these analyses. Our diet
is less toxic: Here, LDLR”- and LDLR** mice were in parallel fed a high fat -high
sugar diet for 10 weeks to develop steatosis, and body weight gain and
additionally, in both LDLR - and LDLR** mice fed high fat high sugar diet the
effect of additional Vitamin D was analysed.

There are many features related to NASH, such as steatosis, ballooning
degeneration, lobular inflammation, high serum cholesterol, and insulin
resistance, and giant mitochondria (Doycheva et al., 2013). Interestingly, high
fat -high sugar diet mice had significantly greater body weight, fat pad weight,
IL-6 and insulin level compared to mice fed the Vitamin D supplemented high
fat high sugar diet. Our results coincide with Lira et al., (2011) , who showed
that circulating IL-6 concentrations are highly correlated with percentage of
body fat ,and insulin resistance (Lira et al., 2011).

Steatosis was seen in all mice, but greater steatosis (more macrovesicles) were
seen in high fat diet-high sugar diet mice, while in the supplementary dietary
Vitamin D group less steatosis (microvesicles) and inflammation was detected.
In addition, hepatic Strepb-1c, which is regulated by insulin, was increased in
high fat -high sugar diet mice compared to mice fed the supplementary diet with
Vitamin D. The result is supported support by Yin et al., (2012) who showed
that Vitamin D inhibits lipogenesis. In a vitro experiment, Vitamin D was used to
investigate the role as anti-steatotic molecule. Our results showed that Vitamin
D plays a significant role at lowering lipid inclusions, identified by Oil Red O
staining. This is supported by a previous study which documented that
macrophages derived from peritoneal cavity of obese mice (elicited by
intraperitoneal injection of 4% thioglycollate) developed into foam cells, while in
the presence Vitamin D less foam cells were found. This is because oxLDL
induced cholesteryl ester formation was reduced by Vitamin D (1, 25(0OH) 2D3)
(Oh et al., 2009). This is the first study to investigate the effect of high fat-high
sugar diet on the increase of hepatic damage markers, and this was normalised
by supplementary dietary Vitamin D containing diet in LDLR”-and LDLR** mice.
This may be how Vitamin D prevents liver damage.

Clinical trials, were unable to establish a benefit of Vitamin D supplementation

in enhancing insulin sensitivity (George et al., 2012). However, in our study high
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fat -high sugar diet caused the increase of insulin resistance. This was
associated with high insulin level and low adiponectin level, and was normalised
by supplementary dietary Vitamin D containing diet in LDLR” and LDLR**
mice. Forouhi et al, (2008) had shown that low serum Vitamin D may associate
with glycaemia, and insulin resistance in non- diabetic subjects. To investigate
the effect of Vitamin D on aortic endothelium and to see the relationship of
adhesion molecule expression to initiation factors, and the sites of lesion
formation, VCAM-1 (vascular cell adhesion molecule-1) gene expression was
performed for aorta of mice fed the Vitamin D supplemented high fat high sugar
diet for ten weeks. The result showed that supplementary dietary Vitamin D
played a role in the decrease of VCAM-1 gene expression. The findings of this
experiment could be used to suggest that Vitamin D prevents atherosclerosis.
Prussian blue staining showed that Vitamin D plays an important role in the
decrease of M1 macrophage activity and the increase of M2 macrophage
activity, as measured by intracellular iron content, a surrogate marker of M1
activity. To investigate M1 and M2 macrophage activity, flow cytometry was
used for mice fed high fat-high sugar diet with, and without Vitamin D,
F480/CD206 antibodies were used as M2 macrophage markers, but none were
detected in spleens. This might be spleen cells for staining F480/CD206
antibodies were not sufficient. To further investigate M1 and M2 macrophages,
INOS, and arginase-1 mRNA expression as M1 and M2 macrophage activity
markers (Jablonski et al., 2015). The first time, a reversal of INOS and arginase-
1 expression in the Vitamin D3 treated groups compared to the high fat high
sugar diet groups. Hepatic, and splenic mMRNA expression of INOS (as M1
macrophage activity) in high fat -high sugar diet was significantly higher
compared to Vitamin D supplemented high fat high sugar diet group, and
hepatic Arginase-1 (as M2 macrophage activity) mRNA in Vitamin D
supplemented high fat high sugar diet was significantly higher compared to
LDLR** mice fed high fat -high sugar diet without supplementary Vitamin D.
According to Ogura et al., (2009) Vitamin D plays an anti-inflammatory role that
coincides with our results, which showed Vitamin D led to the decrease of
inflammatory mediators such as TNF-a, and IL-6. This antagonises the activity
of LPS which binds to TLR4, signalling via NFkB, and p38MAPK. The liver

reacts in the acute phase response, playing a significant role in innate immune
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cells modulation. Acute phase proteins are involved in the elevated several
cytokines such as IL-1a, TNF- a, and IL-6. As a result, coordinated changes in
the transcriptional activity of hepatocytes occurs. This leads to the limitation of
tissue injury and (Bauer et al., 2013). IL-6 is the so-called master cytokine of the
liver in an acute-phase response (Guillen et al., 1996, Castell et al., 1988). IL-6
plays a significant role in the decrease of liver injury, as seen by removing
gp130 component of the IL-6R in transgenic mice (Streetz et al., 2003).
Antibacterial protein, which is called Lipocalin-2, is produced by liver (Xu et al.,
2015). Hepatic mRNA expression of both SR-B1, and HMGCR increased in
high fat diet mice (Qiu et al., 2013), compared to Vitamin D supplemented diet
group mice in LDLR” mice, although in LDLR** mice the increase was not
significantly different. These results suggest that high fat-high sugar diet
caused the increase of genes involved in cholesterol synthesis, and
dysregulation of cholesterol, which was prevented by supplementation with
Vitamin D. Based on the proteome array, it can be said that proteins involved in
fibrosis, steatosis, and inflammation are increased in adipose tissue of mice
given high fat diet. There is a marked decrease of these proteins in (pooled)
adipose tissue of mice given high fat diet plus Vitamin D. In obese and diabetes
individualss, Vitamin D level decreased compared to lean and non-diabetic
humans (Zoppini et al., 2013, Park et al., 2015). This agrees with our results,
that showed high fat high sugar diet without supplementary Vitamin D had
lower Vitamin D levels compared to mice supplemented with Vitamin D in their
high fat-high sugar diet.

Saad et al, (2006) who showed that oxidized LDL caused classical
complement activation in human serum. Our result showed that the Vitamin D
supplemented diet group had increased residual activity of the classical
pathway (less classical pathway activation in vivo) compared with high fat-high
sugar diet mice. This is likely to be due to Vitamin D leading to a decrease of
oxLDL (Oh et al., 2009). Our result showed less alternative pathway residual
activity (higher alternative pathway activation in vivo) in mice fed high fat-high
sugar diet. Chylomicron accelerates C3 tick-over by regulating the role of factor
H, leading to the overproduction of ASP. As a result it leads to the increase of
alternative pathway residual activity (Fujita et al., 2007). In keeping with this,

mice fed Vitamin D supplemented high fat high sugar diet had higher alternative
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pathway residual activity (lower alternative pathway activation in vivo)
compared to mice fed high fat high sugar diet without Vitamin D
supplementation. Classical pathway, and alternative pathway complement
activation were performed on sera from mice. The result demonstrated that
mice given high fat-high sugar diet without supplemented Vitamin D had higher
classical, and alternative complement activation compared to mice given high
fat-high sugar diet with Vitamin D. This is because higher MDA (lipid
peroxidation product) was found in mice fed high fat-high sugar diet without
Vitamin D compared to mice fed high fat-high sugar diet supplemented with
Vitamin D. In addition, the parameters which are associated with obesity,
diabetes, and fatty liver disease and inflammation were higher in mice fed high
fat high sugar diet without supplemented Vitamin D. This also probably a main
reason that classical and alternative pathway had higher activation in mice
given high fat high sugar diet without supplemented Vitamin D compared to
mice given high fat high sugar supplemented with Vitamin D.

The main reason for performing the diet study in only five weeks was to
investigate whether mice get fatty liver disease by this time. This would deliver
a study of refinement, following best practice, which could be adopted by
others. Megamitochondria, larger than usual mitochondria, are features of fatty
liver disease (Ahishali et al., 2010). Electron microscope result showed that
megamitochondria were observed in liver of mice fed high fat-high sugar diet,
while in mice fed high fat high sugar diet with Vitamin D supplementation only
small mitochondria were observed. Megamitochondria are present mostly in
hepatocytes with microvesicular steatosis. The reason for this is still poorly
understood, but the enlarged organelles may be the result of injury from lipid
peroxidation, or may represent an adaptive change (Takahashi and Fukusato,
2014). In obese-state, chronic enrichment of mitochondria—contacted
endoplasmic membranes leads to mitochondrial dysfunction (Arruda et al.,
2014). Livers from mice fed high fat-high sugar diet appeared to have deformed
cell nucleus, and lobular inflammation with sinusoids. Male LDLR”- mice given
high fat-high sugar for five weeks showed an increase of liver transaminases
compared to mice given high fat-high sugar diet supplemented with Vitamin D
for five weeks. Therefore, the effect of high fat-high sugar diet caused the
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increase of hepatic damage markers, and this was normalised by
supplementary Vitamin D containing diet for five weeks in male LDLR- mice.
Lower level of endotoxin, and IL-6 were detected in male LDLR” and female
LDLR” and LDLR** mice given high fat-high sugar diet supplemented with
Vitamin D compared to mice given high fat-high sugar diet for five weeks. The
current data highlight the importance of supplementary dietary Vitamin D in an
anti-inflammatory role, and supplementary dietary Vitamin D prevents endotoxin
formation in five weeks.

In five weeks, mice fed high fat-high sugar diet developed the increase of
insulin resistance. This is demonstrated by high insulin level, high glycated
haemoglobin, and low adiponectin level, and was normalised by supplementary
dietary Vitamin D containing diet in male LDLR”- mice. Mice given high fat-high
sugar diet had features of developing metabolic syndrome (NEFA, TG, and lipid
peroxidation) compared to mice given Vitamin D as early as five weeks.

To summarise, it can be suggested that high fat diet- high sugar diet, given to
mice for ten weeks, leads to development of features of metabolic syndrome,
and Vitamin D plays an anti-steatosis, anti-inflammatory role, and skewing M1
macrophages to M2 macrophages. Therefore, Vitamin D may prevent liver
steatosis, inflammation, and prediabetes phenomenon. Mice given high fat-high
sugar diet for five weeks also developed central obesity, fatty liver, and
metabolic syndrome disease in male LDLR’ mice. Consistent with the ten-
week-study, high fat diet supplemented with Vitamin D caused the amelioration
of fatty liver disease, and metabolic syndrome. Supplementary dietary
consumption of Vitamin D for only five weeks plays a significant role in the
prevention of steatosis inflammation, insulin resistance, and metabolic
syndrome disease in male LDLR” mice. Mice given high fat-high sugar diet for
five weeks developed fatty liver disease, increased insulin level, and NEFA
level, while in Vitamin D supplemented diet groups lower levels were detected
in female LDLR”, and LDLR** mice. All measurements were higher after ten
weeks compared to five weeks’ diet. The tendency to express inflammation in
the development of metabolic syndrome disease was higher in male compared
to female LDLR™ at five weeks’ high fat high sugar, based on NEFA, and IL-6

levels.
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7.4 The role of properdin in fatty liver disease

Properdin limited the diet induced increase of body weight, fat pad weight, and
the increase of NEFA. In murine 3T3-L1 adipocytes, addition of properdin
inhibited the insulin-mediated stimulation of fatty acid uptake, and incorporation
into TG, but this experiment lacked a control (Gauvreau et al., 2012). Our result
showed that female, and male properdin deficient mice on LDLR** background
fed high sugar-high fat diet background had greater body weight gain, and
central obesity compared to properdin wild type. Obesity and associates
diseases including type 2 diabetes mellitus, fatty liver disease, atherosclerosis,
which are associated with the elevated plasma glucose, fatty acids, cholesterol.
As a result they lead to the stimulation of NLRP3 inflammasome expression or
activation. The iinflammasomes are a family of protein complexes, and a key
innate immune system receptors and sensors in response to microbial and
endogenous danger signals named DAMP (pathogen-associated molecular
patterns (PAMP) and danger-associated molecular patterns (DAMPSs) (Guo et
al., 2015). It has been found that complement receptors activation, such as C3a
and Cba receptors. They causes inflammasome activation which leads to the
increase possibility to develop metabolic syndrome diseases (Arbore and
Kemper, 2016).

Liver histology showed that female and male LDLR**PKO mice fed Western
diet and high fat-high sugar diet had greater steatosis, and lobular inflammation
compared to LDLR**PWT mice. Olive green stain and electron microscopy
showed that properdin deficient mice fed Western diet for 10 weeks developed
severe steatosis, and all features of fatty liver disease, while in properdin wild
type less steatosis was observed. Our result disagree with Phieler et al., (2013)
who showed that properdin plays a significant role in complement activation
which leads to the development more ASP initiates. As a result, this leads to the
increase of triglyceride synthesis, lipid storage in adipocytes and liver through
C3a, Cha and C5L2 (Phieler et al., 2013). Acylation stimulating protein (ASP),
also known as C3adesArg, has an important role in TG synthesis and energy
balance in mice (Steiner et al., 2014).

For further investigation of inflammation, measurement of IL-6, and TNF-a were

performed. The current data highlight that male LDLR*"*, and female LDLR"

262



properdin deficiency mice led to the increase of IL-6 compared to properdin wild
type mice in mice given high fat high sugar diet. IL-6 level increased during
expansion of adipose tissue, which was more obvious in properdin deficient
mice. Complement activation in liver led to the increase of pro-inflammatory
markers such as IL-6, TNF-a, and IL-8 by activated Kupffer cells (Rensen et al.,
2009a). To understand the further effect of properdin on steatosis, strebp-1c
MRNA expression as a steatosis marker was performed. The result showed
higher strebp-1¢c mMRNA expression in properdin deficient mice compared to wild
type mice fed high fat-high sugar diet.

The empirical findings in this study provide a new understanding of properdin
that plays a significant role in the prevention of steatosis. This is the first study
to analyse liver function tests, to detect properdin effect in mice fed Western
diet, and high fat-high sugar diet in both LDLR”- and LDLR** back grounds. The
result showed that male properdin deficient mice fed Western diet had higher
AST and ALT levels compared to properdin wild type mice. However, ALT level
was normal in female LDLR"- properdin deficient mice fed high fat-high sugar
diet, so there might be a sex dependent effect for this observation. Local
complement activation is present in patients with NAFLD compared to healthy
controls; it therefore appears that complement activation associates with the
progression of NAFLD. For example, the cleavage of complement proteins to
trigger C5a, and C3a leads to neutrophil infiltration in tissues (Rensen et al.,
2009a).

To further understand the role of properdin role in inflammation, endotoxin was
measured. Relatively lower levels of endotoxin in wildtype may mean increased
properdin dependent clearance of LPS or decreased intestinal permeability,
whether of which this study addressed mechanistically. This result concludes
that properdin plays a significant role in the prevention of NAFLD, and NASH
development, and also showed that Western diet, and high fat-high sugar diet
affected the increase of endotoxin in circulation.

According to Steiner et al., (2014), properdin deficient mice had greater M2-
macrophage activity profile compared to properdin wild type mice in LDLR™
background mice, as demonstrated by increased MCP-1.

Classical pathway, and alternative pathway complement activation were

performed on serum from mice. The results demonstrated that properdin
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deficient mice had higher classical complement activation compared to
properdin wild type mice. This is because higher MDA (lipid peroxidation
product) was found in properdin deficient mice compared to properdin wild type.
Classical pathway, and alternative pathway complement activation were also
performed for obese, over weight, and normal people. The result showed that
classical, and alternative pathway activation were higher in obese people
compare to normal people. The cohort analysed was taken from a published
study while ethical approval was valid (investigation of inflammatory markers in
sepsis, Pl Prof Jonathan Thompson, (Stover, 2015). This is because obese
people had higher body mass index (BMI), likely higher MDA, and chylomicrons
compared to normal people. Overweight people had higher Classical pathway,
and alternative pathway complement activation, but lower than obese people.
Properdin deficiency may lead to the increase of cholesterol synthesis, and
dysregulation of cholesterol. In addition, the presence of properdin prevented
metabolic syndrome disease by the decrease of triglyceride, and NEFA serum
level compared to properdin deficient mice. Our results disagree with Stainer et
al., (2014), and Gauvreau et al., (2012) who showed higher NEFA in properdin
wild type compared to properdin deficient mice (engineered by W. Song). The
differences were detected between our study was the high fat diet content given
to mice. The fat percentage in our Western diet and high fat-high sugar diet
study was 39.1 % and 59.4 %, while the percentage of fat in Stainer and
colleagues, Gauvreau and colleagues studies were %16 and 45 % fat
consequently.

Insulin, adiponectin and glycosylated haemoglobin were performed to
investigate prediabetic features. My results showed that properdin deficient
mice fed high fat-high sugar diet, and Western diet are more prediabetic than
properdin wild type mice fed high fat-high sugar diet, and Western diet.
Complement components could enhance triglyceride (TG) formation by lipolysis
inhibition, enhanced glucose, and FFA uptake, and the decrease of FFA
release indirectly (Phieler et al., 2013).

It can be observed that proteins involved in fibrosis, steatosis, inflammation,
metabolic syndrome disease were higher in properdin deficient mice fed
Western diet compared to properdin wild type mice on this diet. Our results

showed that Lipocalin-2, and IGFB-5 were lower in properdin wild type mice
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compared to properdin deficient mice. In contrast, Gauvreau et al (2012)
showed that they were higher properdin wild type mice compared to properdin
deficient mice. Fetuin-A, IGFB-2, 6, MCP-1, FGF acidic DPPIV all were higher
in properdin deficient mice compared to properdin wild type while they not
changed in Gauvreau et al (2012) result. The differences were detected
between our study and Gauvreau and his colleagues result was that the fat
percentage different from high fat diet given to mice between our study and
their study. For further investigation the reason why properdin diffidence had
higher metabolic syndrome disease parameters. Therefore, C5L2 mRNA
expression for adipose tissue was performed. The result showed highly C5L2
MRNA expression in adipose tissue of properdin wild type mice compared to
properdin deficient mice. It also to investigate C5L2 protein presence in
properdin wild type, and properdin deficient mice, Western blotting was
performed on homogenised liver and adipose tissue. Interestingly, the result
also showed that C5L2 protein presence in liver, and adipose tissue was higher
in properdin wild type mice compared to properdin deficient mice. Noticeably,
delayed postprandial TG clearance, and reduced adipocyte size were shown in
C5L2-deficient mice fed a diabetogenic diet, and also some insulin resistance
features, and inflammation were detected including higher glucose uptake, and
lipid deposition in the liver (Paglialunga et al., 2007). It can be determined that
C5L2 deficiency may develop the increase of C5a-C5aR which leads to the
enhancement of Adipose tissue inflammation, and insulin resistance (Lim et al.,
2013). Therefore, it appears that the more complement activation will lead to
the increase C5L2 level.

It also noteworthy to mention that C5L2 mRNA and protein level were lower in
properdin deficient mice compared to properdin wild type mice. Therefore, it
appears from our result that properdin deficient mice may have less lipid
clearance therefore properdin deficient mice enhances metabolic syndrome
disease.

To investigate the role of properdin in a dietary model, properdin wild type, and
properdin deficient mice were given high fat high sugar diet, and western diet
for 5 weeks. Mice fed high fat-high sugar diet for 5 weeks also developed fatty
liver disease. Properdin wild type mice had less steatosis, and inflammation

compared to properdin deficient mice. In five weeks diet mice, in addition to
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performing hematoxylin and eosin staining, electron microscopy and MRI were
performed on livers to further investigate properdin wild type and properdin
deficient mice. Electron microscopy result showed that mega mitochondria were
observed in liver male LDLR”mice fed high fat-high sugar diet, while in
properdin wild type mice fed high fat high sugar diet smaller mitochondria were
observed. Liver histology showed that higher fat droplets were seen in
properdin deficient mice compared to properdin wild type. Our MRI result
showed that fat fraction % was higher in properdin deficient mice compare to
properdin wild type in both male and female mice. High fat-high sugar diet,
Western diet and low fat diet were different in term of the percentage of fat
fraction, properdin deficient mice fed Western diet had, but in all diets properdin
deficient mice had higher fat fraction percentage compared to properdin wild
type mice.

There was a higher percentage fat pad weight, and also a tendency to higher
body weight percentage in male LDLR”- properdin deficient mice fed high fat-
high sugar diet compared to wild type mice. This agrees with Gauvreau et al.,
(2012) who showed that properdin deficient mice had higher body weight, and
fat pad weight compared to properdin wild type mice. In addition, male LDLR**
properdin deficient mice fed Western diet had higher fat pad weight, and body
weight compared to wild type mice.

The previous ten-week study revealed that properdin deficient mice developed
liver damage. In LDLR”- properdin deficient mice given high fat-high sugar for
five weeks, an increase of liver transaminases was detected compared to
properdin wild type mice group. In the absence of properdin, hepatic damage
markers were increased compared to properdin wild type mice group. A lower
level of endotoxin was detected in properdin wildtype compared to properdin
deficient mice. Properdin wild type mice had lower IL-6, but this was not
significantly different compared to properdin deficient mice. The current data
highlight the importance of properdin in an anti-inflammatory role, and
prevention of intestinal leakage (decreased endotoxin level) in five weeks.
Interestingly properdin has been reported to aid in LPS clearance (Kemper and
Hourcade, 2008).

In five weeks, in male LDLR- properdin deficient mice, fed high fat-high sugar

diet, led to the increase of insulin resistance. This was shown by high insulin

266



level, high glycated haemoglobin, and low adiponectin level compared to
properdin wild type mice. Properdin deficient mice given high fat-high sugar diet
had higher metabolic syndrome such as NEFA, TG, and lipid peroxidation
compared to properdin wild type. There are associations between elevation of
NEFA, obesity, inflammation, dyslipidaemia, and insulin resistance stat (Karpe
et al., 2011).

Our results showed that male properdin deficient mice given high fat-high sugar
diet for five weeks developed fatty liver, and metabolic syndrome disease.
Interestingly, properdin wild type mice showed less fatty liver disease, and
metabolic syndrome. For further investigation, female mice were used, 11
female mice were fed high fat-high sugar diet LDLR** PWT/PKO, and LDLR™
PWT/PKO for five weeks. The result showed that female properdin deficient
mice developed fatty liver disease, and metabolic syndrome disease, and less
developed in the presence of properdin. Inflammation marker (IL-6), prediabetic
(insulin) ,and metabolic syndrome such as NEFA were increased in properdin
deficient mice compared to properdin wild type mice in LDLR** back ground
mice. Female LDLR”-PKO, mice had higher IL-6 compared to properdin wild
type mice.

To summarise, it can be suggested that high fat diet- high sugar diet and
western diet, given to mice for ten weeks and five weeks, leads to development
of features of metabolic syndrome in properdin deficient mice compared to
properdin wild type mice. Therefore, properdin may prevent liver steatosis,
inflammation, and prediabetes phenomenon. The elevation of endotoxin,
triglyceride, NEFA, IL-6, MDA, TLR4 mRNA expression low Vitamin D, low
C5L2 are associated with obesity and related diseases, which were higher in
properdin deficient mice compared to properdin wild type mice.

Properdin deficient mice developed central obesity, fatty liver, and metabolic
syndrome disease in mice given high fat-high sugar diet and Western diet for
ten and five weeks.All measurements were higher in mice given high fat-high
sugar diet for ten weeks compared to mice given high fat-high sugar diet for five

weeks.
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7.5 The role of Exercise and Vitamin D on mice induced

obesity

The exercise study was equally interesting. C57BI/6 mice fed 58R3 after
5weeks high fat diet—high sugar developed liver steatosis. Ten male mice
C57BL/6 background were used for this experiment to investigate the additional
effect of exercise on mice fed high fat diet supplemented Vitamin D or not.

Body weight and fat pad weight had a tendency to have less in mice fed the
Vitamin D supplemented high fat high sugar diet with access to the exercise
wheel compared to mice fed the Vitamin D supplemented high fat high sugar
diet without access to the exercise wheel. C57BL/6 mice group without access
to exercise showed increased steatosis and inflammation. Obesity,
inflammation, hyperlipidemia, and diabetes are associated with NAFLD, and
NASH (Bhatt and Smith, 2015). Interestingly, in our mice fed high fat diet
supplemented with Vitamin D without access to exercise, no features of
steatosis, inflammation and obesity were seen.

There were no steatosis or inflammation in mice fed the Vitamin D
supplemented high fat high sugar diet without access to the exercise wheel.
According to Ouchi and his colleagues who showed that several pro
inflammatory adipokines such as IL-6, IL-8, IL-1B, TNF-a and monocyte
chemoattractant protein-1 are produced in obese adipose tissue, and they will
enter the circulation (Ouchi et al., 2011). In obese rodents, TNF-a was over
expressed while in TNF-a receptor deficient rodents, insulin resistance was not
developed (Uysal et al., 1997). Insulin resistance can be developed by TNF-q,
through modifying adipocyte differentiation and adipocyte lipid metabolism
(Cawthorn and Sethi, 2008). Our result showed that mice fed high fat-high
sugar diet supplemented with Vitamin D with access to exercise had a tendency
to have less TNF-a, and IL-6 protein levels compared to mice fed high fat diet
supplemented with Vitamin D without access to exercise. It therefore appears
that Vitamin D supplemented with exercise led to the decrease possibility to
develop insulin resistance.

Our results showed a tendency to have less NEFA in mice fed mice fed high fat
diet supplemented Vitamin D with access to exercise compare to mice fed mice

fed high fat diet supplemented Vitamin D without access to exercise. There are
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associations between elevation of NEFA, obesity, dyslipidaemia, and insulin
resistance state. It is thought that insulin inhibits FFA mobilisation process from
adipose tissue. Therefore, lipolysis in adipose tissue is increased in the insulin
resistance situation (Karpe et al., 2011). Insulin level had a tendency to have
lower in mice fed high fat diet supplemented Vitamin D with access to exercise
compare to mice fed mice fed high fat diet supplemented Vitamin D without
access to exercise. Exercise caused the decrease insulin level (Geiger et al.,
2005), and low Vitamin D serum 25-OH Vitamin D may lead to glycaemia and
insulin resistance in non- diabetic subjects (Forouhi et al., 2008). This is due to
high insulin level, and was normalised by supplementary dietary Vitamin D
containing diet with access to exercise wheel.

Our results showed that Vitamin D group with access to exercise wheel had a
tendency to have lower classical pathway residual complement activity
compared to Vitamin D group without access to exercise wheel. Our result
agrees with Saad et al., (2006) who showed that oxidized LDL caused classical
complement activation in human serum, because less oxLDL- is produced in
the presence exercise (Vasankari et al., 1998), and low level of Vitamin D
developed the decrease of oxLDL (Oh et al., 2009).

Chylomicron accelerates C3 tick-over by regulating the role of factor H, leading
to the overproduction of ASP. As a result, it leads to the increase of alternative
pathway residual activity (Fujita et al., 2007). Our results showed that mice fed
the Vitamin D supplemented high fat high sugar diet with access to the exercise
wheel had a tendency to have less alternative pathway residual activity
compared to mice fed the Vitamin D supplemented high fat high sugar diet
without access to the exercise wheel. In addition, more alternative pathway
residual activity in mice fed high fat-high sugar diet without access to exercise
wheel compared to mice fed high fat-high sugar diet with access to exercise

wheel.

Based on the proteome cytokine array, it can be concluded that proteins
involved in fibrosis, steatosis, inflammation, diabetes, obesity, and
atherosclerosis are increased in muscle of mice given high fat diet without
access to exercise. There is a marked decrease of these proteins in muscle of

mice given high fat diet supplemented Vitamin D with access to exercise. In
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conclusion, it can be said both Vitamin D, and exercise have a beneficial effect,
which was additive to dampen inflammatory markers, and metabolic syndrome
disease markers (TNF-a, lipoclin-2, 1-6, NEFA, Feutin-A, IGFB, C- reactive
protein). The actual mechanism is that exercise leads to the regulation of
glucose transport by the increase of AMPK activation, and it leads to the
decrease of PAMP production so causes the decrease of phosphorylation, and
translocation of NFkB, and p38MAPK into the cell nucleus. Therefore, these
might be reasons why exercise leads to decrease insulin resistance, decrease

of inflammation, obesity, and metabolic syndrome diseases in people.

7.6 Limitations

These studies are limited by the use of cell lines from mouse and human, and
could be complemented by FACS analysis for macrophage polarisation and
hepatocyte receptor expression.

One limitation of this part of the study might appear to be the small numbers,
however, it has to be borne in mind that these mice were bred in house. It was
essential in the design of the study to probe mice from the same litters for their
reaction to the diet and treatments. It was found that the body weight gain was
unequal between liiters, so preferably littermates were analysed in this study to
ensure more uniformity in diet induced metabolic reaction. All mice were kept in
the same barrier unit and were exposed to the same handling and procedures.
The Vitamin D dose tested was tenfold higher, as estimated to be nontoxic from
the literature. It would be interesting to see a concentration dependent effect,
and also, whether this dose is effective in studies longer than ten weeks. This is
of particular interest as significant NASH develops later in the disease process.
This will require amendment to the existing license. One significant limitation in
transferring the data elsewhere is that the microbiome of the mice could not be
studied for financial reasons. The experimental unit of three mice per exercise
cage can in future be increased when purchasing smaller wheels, which have

only recently come onto the market.
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7.7 Conclusions

High fat high sucrose diet led to the development NAFLD, and insulin
resistance, and this was ameliorated when a tenfold excess of Vitamin D was
present in the high fat high sucrose diet in LDLR”- and LDLR** mice. Voluntary
exercise further improved the beneficial effect of Vitamin D added to our high fat
high sugar diet. Properdin deficient mice were more prone to developing
obesity, and metabolic syndrome diseases compared to wildtype mice. This
was associated with a distinct regulation of C5L2 in relation to complement
activation (Figure). Vitamin D, DHA, and possibly allicin can be used to alleviate

fatty liver disease, and obesity associated complications.
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Figure 7-1 Roles of properdin in lipid metabolism.
Properdin leads to the increase of C5L2 expression, as a result, it leads to triglycerisde, lipid
clearance and glucose uptake increase (Panel A). Properdin deficient caused less C5L2

expression (Panel B)
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7.8 Future plan

An obvious future plan is to address the limitations identified as part of this work
and to pursue, in particular, the beneficial role of properdin in avoiding severe
fatty liver disease. Also, based on present interest in Vitamin D as a
nutraceutical for man, it would be of value to investigate a possible beneficial
effect of Vitamin D supplements in patients with Type 2 diabetes, based on a
recent study. Essentially we will follow a published Iranian clinical trial (Shab-
Bidar et al., 2011) which showed that normal consumption of a Vitamin D
enrichable yoghurt drink to increase circulating Vitamin D levels ameliorates
glucose control, lipid profile and endothelial inflammatory markers in the
diabetic probands. We can apply this therapeutic approach in our patients in

Iraq and use a popular drink called sheneena (Arabic) and mastao (Kurdish).
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20116. Austria, Innsbruck. May 2016.
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Magnetic resonance imaging (MRI)

Mouse livers were fixed in 10% formal saline, each liver was put in an
Eppendorf Tube. The procedure was run by Dr Michael Kelly (preclinical
Imaging Manager). The method automatically detects the two peaks,
normalizes to the water peak amplitude, and calculates the integrals (in this
case, water = 0.918, fat = 0.082 (panel A). Fat reached peak (panel B). % fat
fraction =Fat ratio/water ratio so fat fraction = 8.83. The electronic shielding of
the protons in the triglyceride molecules of fat is greater than that experienced

by protons in water molecules.

A

MRI method to detect fat content in liver mice.
In the case of water (panel A), Fat reaches peak (panel B).
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A set of studies was conducted to test the feasibility of the model and the

analyses

Weight gain:

Sixteen male mice (8 LDLR”- PWT, and 8 LDLR" PKO) were given high fat diet
(HFD) (Western diet) for 12 weeks. In order to further investigate the difference
between properdin wild type and properdin knockout mice on HFD mice, some
mice were given HFD for 10 weeks as follow: LDLR”- PWT female (n=5) LDLR"
PKO female (n=4), this developed because the saturation point of mice was

reached peak at 10 weeks during given HFD for 12 weeks.

Body weight was measured once per week (12 weeks). LDLR”PWT male mice
given HFD for 10 weeks (38.52 = 7.29 g) had greater body weight when
compared to LDLR” PWT mice given low fat diet (LFD) (28.65+ 2.25 g) but not
significantly different compared to male LDLR”- PKO mice given HFD (33.15 +
4.29) (Unpaired T-test). Figure 1A shows that line graph increased steadily and
reached peak at (week 10) in properdin wild type mice, also in properdin
knockout mice, the graph was less steep reaching a plateau at week 10. The
food intake was measured once per week by the animal technician for both
genotypes as follows: food intake= the amount food was put on the cage minus
the amount food remained of the data collected. Only recording for seven mice
were reliable due to staff changes in CRF (Central Research Facility), LDLR™
PWT mice (n=4) was compared to LDLR”"PKO mice (n=3). The line graph in
figure (1 B) shows the amount of food taken for properdin wild type mice
reached peak at 4" week then dramatically decreased till the (week 10) while
food taken in properdin knockout mice and reached peak at (week 8-9) and
then at the three last weeks sharply decreased. There were no significant
differences in food intake for LDLR” PWT and LDLR” PKO mice (figure 1 B),
the amount of food taken at (week 1) statistically no differences with the amount
of food taken at (week 10). Food intake increased dramatically from week 2
then decreased suddenly till week 3-4 (figure 1 C). Fluctuation was seen till the
end of study. This suggests, together with the development of weight gain
(panel A) that LDLR”PKO mice were saturated at 9/10 weeks, LDLRPWT
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kept gaining weight in spite of a reduction in their food intake compared to the
first 4 weeks.

Next, female mice were given HFD for 10 weeks as follow: LDLR” PWT female
(n=5) LDLR”- PKO female (n=4). Body weight started in LDLR” PWT from
(19.16 + 0.54 g) (first week of HFD given) and LDLR” PKO (17.58 + 0.51 @)
(first week of HFD given) and no significant differences was seen between
them. End body weight of female LDLR”- PWT (24.66 + 2.47) mice had not the
significant different when compared to end body weight of female LDLR”- PKO
mice given high fat diet (23.83 £ 2.15 g) and increase in body weight over time
follows the same increment. During 10 weeks. HFD caused the increase of
body weight in LDLR” PWT and LDLR”PKO mice while HFD mice reached a
body weight of (24.66+£2.47 g, n=5) ( 23.83+2.15 g, n=4) at the end of 10 weeks,
whereas LFD mice LDLR” PWT reached a body weight of (29.93+ 0.79, n=6)
during 8-9 months age. This means that HFD substantially increases body
weight and it a sustainable model to study metabolic adaptation. When age
related, it was seen that HFD mice by nearly 4 months age had the body weight
of 8 months LFD mice in female LDLR” PKO HFD versus LDLR” PKO LFD
mice. Figure 2A shows that line graph increased steadily and reached peak at
(week 8), it fell down dramatically (from week 8 to week 9) skip then it soared
from week 9 to week 10. While in properdin knockout mice, the graph reached a
plateau at week 9. Additionally, there was a fluctuation between week 5 to week
7 in both female LDLR”- PWT/PKO mice fed HFD mice, both group ‘s body
weights decreased from week 5 to week 6 then increased steadily till week 8
for female LDLR” PWT mice fed HFD and week 9 for female LDLR” PKO fed
HFD (Figure 2, A). From week 5 —week 7 the body weight mean of Female
LDLR” PWT increased by 2 grams while female LDLR” PKO increased by only
1 gram. The food intake was measured once per week per cage and calculated
as food intake per mouse (Figure 2, B). The food intake reached peak at week
2 for female LDLR”- PWT mice fed HFD and female LDLR”-PKO mice fed HFD
then started dramatically decrease till week 4; they increased slightly from week
4 to week 5. Fluctuation was seen till week 8, in female LDLR” PWT mice fed
HFD, food intake increased significantly till week 9; this is compatible with that

body weight reached peak at week 8 then decreased till week 9, this means in
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the case of decreasing body weight, the food intake was increased. In Female
LDLR” PKO mice fed HFD food intake decreased lightly from week 8 to week
10; this is compatible with that body weight reached peak at week 9.

Body weight drop for WT week 8 to 9, this may due to technical error. This
would represent body weight loss of 8% which is unlikely to normalise the
following week. The same group shows an unexpected increase in food intake
for the same week (8 to 9). Normal intake is 35g/week/mouse. Male mice took
greater food (in some weeks reached nearly 60g/week) (figure 1 B) compared
to female mice (only two weeks reached 50 g/day for two mice) (Figure 2, B)
and also the body weight of male mice greater (38.52 + 3.77, 35.00 £ 1.14) than
female body weight (24.66 + 1.10 0, 23.83% 1.07) (figure 1 A, 2 A).

Male LDLR**PWT and LDLR**PKO mice fed HFD were used next and body
weight was measured from 1 week to 5 weeks for both genotypes (weight
measurement was started from the fifth week of given HFD till the end week).
Male LDLR**PKO mice given HFD (37.17 + 1.25 g, n=3) were significantly
heavier (p value=0.02) compared to male LDLR** PWT mice given HFD
(30.33+ 3.28 g, n=3). Male LDLR**PWT mice given HFD (30.33 + 3.28 g, n=3)
had significantly greater body weight (p value=0.03) compared to female
LDLR** PWT mice given LFD (24.14+ 1.15 g, n=3).

In male LDLR** PKO mice given HFD no fluctuation was detected and
increased steadily till week 5 but in LDLR** PWT mice caused steady state
(nearly same age) from weekl to 5 (figure 4 A). Food intake increased
dramatically from week 5 till week 8 (PWT) (figure 4 B). Fluctuation was seen in
LDLR**PKO mice from week 5 till week 10. Both genotypes decreased
suddenly from week 8 to week 9 then increased from week 9 to week 10 (figure
4 B).

There were not significant differences between liver weights of 8 male LDLR"
PWT (1.63 = 0.42 g) and 8 male LDLR” PKO mice given HFD (1.35 + 0.30 g)
with male LDLR”- PWT LFD (1.41+ 0.15) (age matched). Liver % body weight
(9) which was measured as follow: liver mouse weight/body weight mouse *100.
There was no sign of dietary induced hepatomegaly (4.19 + 0.62 and 4.19 +
1.02 g).
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Fat pad weight measurement of 8 male LDLR” PWT (1.79 = 1.04) had not
significant differences with 8 male LDLR” PKO (1.34 = 0.63). Fat pad weight
measurement of LDLR” PWT LFD (0.52 + 0.36) (7 months) (0.49+ 0.36) (5
months) had significantly lower than 8 males LDLR”- PWT mice (1.79 + 1.04) (4
months). Fat pad weight measurement of LDLR”PKO mice given HFD (1.34 +
0.63) (4 months) had higher measurement compared to LDLR” PKO mice given
LFD (0.36 £ 0.09) (5 months) but not significantly different between them.

In fat pad % body weight (g) which was measured as follow: fat pad mouse
weight/body weight mouse *100. Mean and SEM was (4.07 £ 0.83 and 4.24 +
0.52 g) significantly no differences between them. Fat pad % body weight
measurement of LDLR”- PWT mice given LFD (1.66 + 1.07) (5 months) (2.32 +
0.49) (9 months) had significantly lower than 8 male LDLR” PWT mice given
HFD mice (4.43 + 1.88) and also 8 male LDLR”PKO mice given HFD (3.59 +
1.6 g) (4 months) had higher measurement compared to LDLR” PKO mice
given LFD (1.39+ 0.27 g) (5 months). Male LDLR** PKO mice given HFD (1.51
+ 0.38 g) was significantly greater fat pad weight than LDLR** PWT (0.48 +
0.14) mice. Fat pad % body measurement of LDLR** PKO mice given HFD
(4.06 + 0.93) (p value=0.01) was significantly greater than LDLR** PWT (1.54 +
0.18) mice.

To conclude, it can be said that western diet (HFD) causes the increase of body
weight, fad pad % body weight in male properdin wild type mice (LDLR”PWT)
compared to LDLRPWT mice given LFD (central obesity), more LDLR”PKO
LFD mice are needed to do the statistical analysis and to know whether HFD
caused hepatomegaly compare to LFD mice. HFD did not cause the increase of
body weight in female LDLR”PWT HFD when compared to LDLR”PWT LFD

mice.
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Figure 1. Weight gain and food intake measurement of male LDLR-/- PWT and LDLR-/-
PKO HFD mice. Body weight measurement (A). Food intake measurement, 4 properdin

wild type mice with 3 mice properdin deficient (B).
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Blood Glucose levels

Hyperlipidemic mice on a HFD may go on to develop insulin resistance (HA and
ChA, 2010). Serum samples were measured using a glucose meter. No
accurate result were achieved due to hemolysis. The difference in glucose
levels between mice fed LFD and HFD obtained in a previous measurement
using non hemolysed plasma samples could not be reproduced. Then blood
glucose measurement was performed in whole blood from tail pricks in eighth
week for LDLR”- PKO and LDLR”PWT female mice fed HFD, LDLR” PKO and
LDLR”-PWT male mice given HFD, and LDLR**PWT, LDLR**PKO mice given
HFD in order to investigate the differences between properdin wild type and
properdin deficient mice. There were not differences in blood glucose
measurement between LDLR” PKO female HFD (18.52+ 1.52) and LDLR"
PWT female mice (17.00+0.57) LDLR”- PKO male HFD (15.70 + 1.10) and
LDLR” PWT male HFD mice (18.05+ 4.25), LDLR**PDWT male (11.77+ 1.66)
and LDLR**PKO male HFD mice (11.40 + 0.50)

Histological and immunohistochemical characterisation of livers

Sections were prepared from liver, stained with haematoxylin/eosin and
analysed microscopically. A piece liver of 16 weeks’ male LDLR-/- PKO (6
mice), LDLR”- PWT (6 mice), were fixed, paraffin embedded and slides were
prepared. Microscope was used to document images using a 10x, 40x and
100x objective. Two mice from LDLR” PWT mice were excluded due to the
absence steatosis and inflammation in histologically sections. In liver sections,
we can identify sheets of hepatocytes, sinusoids, branch of hepatic artery portal
vein. Four properdin wild type and six properdin deficient in LDLR” background
were documented and compared with two controls (LFD mice). Big liver
changes were detected in HFD mice (figure 5 B, C) compared to mice fed LFD
(figure 5 A). There was fatty liver around central vein which led to the
development whitish-yellowish background (figure 5 B) due to greater amount
of micro vesicular, macro vesicular and also it had the second biggest body
weight (48.79), fat pat weight (3.2179), fat pad % body weight (6.53%), liver
weight (2.059), liver % body weight (4.2%) among properdin wild type mice and
also properdin deficient mice. It was positive for C3 IHC, CD 68 IHC and iNOS
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IHC and had more steatosis and inflammation. While in mice fed LFD, there
was not any variation in color (figure 5 B). In addition, leukocyte infiltration
detected between hepatocyte cells (Figure 5 B) and around central vein (Figure
5 C). No leukocyte infiltration in LFD mice around central vein (figure 5 A).

Figure 5. Haematoxylin eosin staining of paraffin embedded liver sections obtained from
mice fed high fat diet and low fat diet (x10), representative images. No inflammation and
steatosis in mice fed LFD diet (A). Fatty changes in great amount, microvesicular (blue
arrows), macrovesicular (red arrows) (steatosis) and inflammation (black- heads) in mice
fed HFD (B). Inflammatory cell component, microvesicular (blue arrow), macro vesicular
(red arrow) and hepatocyte ballooning in mice fed HFD (panel C) PV, portal vein, CV,

central vein.
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Contrasting with normal liver (figure 6 panel A), there are many microvesicular
and macro- vesicular lipid droplets in HFD liver mice (Figure 6, B, C). In some
mice fed HFD, big droplets were detected (Figure 3, B).There are some
hepatocyte ballooning and necrosis (Figure 6, C), while no hepatocyte

ballooning was seen in normal chow diet.

Figure 6: Macro — and microvesicular lipid droplets Macrovesicular (blue arrows) micro-
vesicular (orange arrows) fat droplets (red arrow) 100x (B). Hepatocyte ballooning (black
head). Necrosis (green head) 40x (C) (LDLR*PWT 5311). (x40).

Many inflammatory groups were detected (Figure 7 panels B and C). Enlarged
and irregular nuclei were seen (Nuclear vacuolation) in mice fed HFD (Figure 4
, D) it also had the biggest body weight (49.39g), fat pat weight (3.23g), fat pad
% body weight (6.55%), liver weight (2.36g) and liver % body weight (4.75%)
among properdin wild type mice and also properdin deficient mice. More
steatosis and inflammation and there was positive for C3 IHC, CD68 IHC, INOS

289



IHC. While in mice fed LFD, there were not detected enlarged nuclei (Figure 7

panel A).

Figure 7: Control mice (LFD) (A). Portal inflammation (LDLR”PKO 5322) (B). Lobular
inflammation (LDLR*PWT 5312) (C). Nuclear vaculation of hepatocytes (blue head)
(LDLRPWT 5310) (D). Haematoxylin eosin staining of paraffin embedded liver sections
obtained from LFD (A), high fed mice (B, C, D) (x40).

Hepatocyte ballooning, which is a most feature of NASH (Hubscher, 2006), was
detected in HFD mice (figure 8B) while no hepatocyte ballooning was seen in
LFD mice (Figure 8, A)

290



Figure 8: Control mice (LFD) (A). Hepatocyte ballooning (HFD) (B) (blue heads). (x40).

Steatosis was seen in all mice (12 mice) but greater steatosis in 2 properdin
wild type mice (LDLRPWT 5310, LDLRPWT 5311), some mice had
inflammation (portal and lobular inflammation) (3 LDLRPWT and 3 LDLR™
PKO mice) and some mice had grater steatosis and inflammation. Triglyceride
measurement will be performed to investigate the amount lipid content in
hepatocytes. @ To investigate that inflammation and  steatosis,

immunohistochemistry was performed as follows:

Previous analysis of liver from LFD fed mice on LDLR” background did not get
result for CD68 and C3 antibody at paraffin sections and in most publication
cryo section was used to perform immunohistochemistry. Therefore,
Immunohistochemistry was performed by using cryo sections because Three
antibodies were used CD68 (as macrophage marker) (waher et al., 2014) anti
C3 antibody and iNOS (inducible nitrite oxide synthase). The aim is to
investigate inflammation (anti-CD 68), complement activation (anti-C3) and
characterization of NASH (iNOS) (HA and ChA, 2010).

Monoclonal anti -C3 antibody was used to detect C3, C3b and iC3b (as
complement activation), they detected within inflammatory group (Figure 9, A)
and also around fat droplets (Figure 9, B). Anti-CD68 antibody was used to
detect CD68 (as marker for macrophage). Our result shows CD 68 positive cells
were detected in hepatic sinusoids in mice fed HFD of both genotypes around
central vein (Figure 9, C) and also was detected around fat droplets (Figure 6,
D). Positive signals for INOS (as a sign of NAFLD and NASH) were detected
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between inflammatory groups in mice fed HFD mice (Figure 6, D) and around

fat vacuoles.

Figure 9: Immunohistochemistry for liver cryo sections of male HFD LDLRPWT/PKO
mice, anti-C3 antibody (A, B), anti CD-68 antibody (C, D) and anti-iNOS antibody (E),
Control (no secondary antibody)(F). (x40).

292



TNF-a measurement in liver lysate
Because of the presence of inflammatory cells in liver histopathology (Figure 5, C),
TNF-a for liver of mice fed HFD and LFD was performed. Mice fed HFD had a

tendency to have higher TNF-a in liver compared to low fat diet.
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Figure 10: TNF-a measurement in liver male mice fed HFD and LFD diet.

Triglyceride measurement (TG) for liver lysate

Because of the presence of lipid droplet in liver histopathology (Figure 5, B, C). TG
for liver of mice fed HFD and LFD was performed. Mice fed Western diet had
higher triglycerides in liver compared to low fat diet.
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Figure 11: Triglyceride (TG) measurement in liver male mice fed HFD and LFD diet.
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