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SUMMARY

Insulin resistance is strongly associated with increased risk of cardiovascular
disease (CVD). Elevated plasma free fatty acids (FFA) have been shown to
contribute to insulin resistance in peripheral tissues (skeletal muscle and adipose
tissue). However, little is known about the role of FFA in atherosclerosis, the
leading cause of CVD. The present study investigated the effect of the two most
abundant FFA in plasma - palmitate and oleate — on insulin sensitivity and
vascular function (monocyte phenotype and adhesion to endothelium) using in
vitro cell culture models and Wistar rats. Palmitate at 300uM for 6h induced
insulin resistance in THP-1 monocytes and L6 myotubes. The ceramide synthesis
pathway partly accounted for the palmitate-induced insulin resistance in THP-1
monocytes but not for L6 myotubes. Oleate treatment did not induce insulin
resistance in either cell type and co-incubation with oleate protected cells from
palmitate-induced insulin resistance. Palmitate at 300uM for 24h significantly
increased cell surface CD11b and CD36 expression in U937 monocytes. The
increase in CD11b and CD36 expression was effectively inhibited by Fumonisin
Bl, an inhibitor of ceramide synthesis. Oleate treatment did not show any effect
on CDI11b and CD36 expression and co-incubation with oleate antagonised the
effect of palmitate on CD11b and CD36 expression in U937 monocytes. The
increase in CD11b expression did not affect U937 monocyte adhesion to ICAM-1.
Treating Wistar rats with palmitate for 6h caused a transient delay in glucose
disposal and an increase in adhesion of U937 monocytes to the aortic endothelium,
particularly at bifurcations. In conclusion, the present study demonstrates that the
saturated free fatty acid palmitate induces insulin resistance and a pro-atherogenic
phenotype for monocytes, whereas the unsaturated free fatty acid oleate does not.
In vivo studies also confirmed that palmitate induces insulin resistance and an
increase in monocyte adhesion to aorta,

Key words: palmitate, oleate, integrin CD11b, scavenger receptor CD36,
monocyte-endothelial interaction, ceramide.
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Chapter 1 Introduction



The purpose of this thesis is to investigate the underlying mechanisms of
accelerated atherosclerosis in insulin resistant conditions. The rationale for this
thesis is based on the evidence that insulin resistance is an independent risk factor
for the development of atherosclerosis. Increased plasma free fatty acid levels,
particularly the saturated fatty acid palmitate, have been shown to induce insulin
resistance in peripheral tissues such as skeletal muscle and adipose tissue and are
associated with the de novo synthesis of ceramide. Therefore, to investigate the
molecular mechanisms of atherosclerotic disease associated with insulin
resistance, the formulated hypothesis of the current study is: the saturated free
fatty acid palmitate induces insulin resistance in monocytes, alterations in the
monocyte phenotype and adhesion that is mediated via disordered ceramide
metabolism. This will be tested by measurement of in vitro glucose uptake into
monocytes; cell surface integrin CD11b and scavenger receptor CD36 expression;
and monocyte adhesion to endothelial cells/receptor ICAM-1 using monocytic
cell lines and primary monocytes after exposure to pathological concentrations of

palmitate.

1.1 Free fatty acids (FFA)

Dietary fat is derived from a wide variety of animal and plant sources such as
animal adipose tissue, milk and its products (cream, butter, cheese and yogurt),
vegetable seeds, nuts, oils, and eggs. In most western countries, dietary fat
provides between 30-40% of total dictary energy intake while in most Asian

countries and the developing world, the proportion of energy derived from dietary

fat is usually much lower (Bray et al., 2004). For example, it has been reported

18



that in rural Chinese communities the dietary fat provides less than 20% of the
total energy intake (Chen, 2000). 95% of dietary fat is triglyceride, which is
composed of a glycerol moiety linked with 3 fatty acid chains. Each fatty acid is
composed of a long hydrocarbon chain ranging from 4 to 30 carbons and a
carboxylic acid group. Based on the number of double bonds, fatty acids are
classified as: saturated fatty acids without any double bonds (e.g. palmitic acid
and stearic acid); monounsaturated fatty acids with one double bond (e.g. oleic
acid), and polyunsaturated fatty acids with at least two double bonds (e.g. linoleic
acid). Usually, most native vegetable oils and fats favour polyunsaturates or
monounsaturates in the sn-2 position whilst saturates are distributed at the sn-1/3

positions of triglycerides.

The current official dietary guidelines for fat intake are 15%-30% given by World
Health Organisation (2003) and 30% given by the UK Department of Health
(1991). These values are the percentage of daily energy intake recommended to
come from a fat source. Special provisions are also given to saturated fatty acids
(<10%) and the consumption of poly-unsaturated fatty acids (6%-10%). In the UK,
total dietary fat comprised around 33.45% of total energy intake, which including
14.29% from saturated fatty acids, 12.99% from monounsaturated fatty acids, and

5.95% from polyunsaturated fatty acids (Arnoult, 2006).

Dietary triglycerides are mainly absorbed in the small intestine, where fatty acids

with short chain or medium long chain (less than 12 carbon atoms) enter the portal

vein by direct diffusion into enterocytes, while longer than 12 carbon fatty acids
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are re-synthesised to triglyceride, incofporated into the chylomicron. After
entering into the circulation via lymphatic system, chylomicron delivers free fatty
acids hydrolysed by lipoprotein lipase to various tissues such as liver, skeletal
muscle and adipose tissue. The remnant of the chylomicron is cleared from the
circulation by apolipoprotein B/E receptors present in the liver and then used for
the synthesis of very-low density lipoproteins (VLDL). These lipoproteins are
major transporters delivering dietary fat to adipose tissues where fatty acid is
stored as triglycerides and to peripheral tissues (skeletal muscles and heart) where
fatty acid is utilised for energy production and maintenance of normal cell

functions. (Fig.1.1)

Most of the fatty acids are esterified in the form of triglycerides and stored in
adipose tissues and only 5% of fatty acids remain non-esterifed in the circulation.
The non-esterified fatty acids in the circulation are also referred to as free fatty
acids (FFA) and this is mainly provided by adipose tissue lipolysis under the
action of hormone sensitive lipase (HSL). Fatty acids especially saturated fatty
acids have very low solubility in the blood, typically about 1pM. However,
binding to serum albumin increases their effective solubility to around 1mM. In
this way, albumin transports FFA to organs such as muscle and liver for oxidation
to provide energy. Typical plasma free fatty acid composition are 13% stearic acid,
31% palmitic acid, 32% oleic acid, 20% linoleic acid, 2% arachidonic acid, 1%

docosahexaenoic acid, and 1% eicosapentaenoic acid (Chung et al., 1998)
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Figure 1.1 Dietary fat digestion and generation of fee fatty acids (FFA).

Fatty acids (carbon chain longer than 12) released from dietary triglycerides are
absorbed by small intestine and transported in the circulation by chylomicrons.
Chylomicrons deliver fatty acids to liver, adipose tissue and skeletal muscle then
are cleared by liver for the synthesis of very-low density lipoproteins (VLDL), a
major transporter in the circulation and supply fatty acids to adipose tissue and
skeletal muscle. The fatty acids stored in adipose tissue are hydrolysed by
hormone sensitive lipase (HSL) and provide the major supply of plasma free fatty
acids (FFA) in the circulation.

1.2 Insulin resistance

1.2.1 Insulin structure, synthesis and secretion

Insulin was first discovered in 1921 by Sir Frederick Grant Banting and Charles
Herbert Best as a substance which when injected to diabetic dogs abolished the
symptoms of diabetes. The primary structure of insulin was determined in 1953,
by Frederick Sanger. It is a protein constructed of two peptide chains, referred to
as A and B chains connected by two disulfide bonds between the cysteine amino

acids. The molecular weight of insulin is 6kDa. Insulin is synthesised in and
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secreted by the B cells within the islets of Langerhans in the pancreas in response
to various nutritional stimuli such as increased circulating levels of glucose,

amino acids, and free fatty acids.

1.2.2 Insulin signal transduction pathways

Insulin exerts its biological effects by binding to a receptor on its target cell
surfaces. The insulin receptor is composed of two a-subunits and two B-subunits
linked by a disulphide bound. The a-subunit contains 723 amino acids and has an
approximate molecular weight of 130kDa as determined by SDS-PAGE. The a
chains are entirely extracellular and contain the binding sites for insulin. The
B-subunit contains 620 amino acids and has an approximate molecular weight of
95kDa. The B-subunit has three compartmental domains: extracellular,

transmembrane, and cytosolic.

The signal transduction pathway induced by insulin binding to its receptor was
informed by the observation that insulin receptor B-subunits function as a tyrosine
kinase (Kasuga et al., 1982). The initial binding of insulin to the insulin receptor
a-subunits results in autophosphorylation of the B-subunits on the tyrosine residue
and causes a conformational change. The activated B-subunits then transfer
phosphate groups from adenosine-5'-triphosphate (ATP) to tyrosine residues on
intracellular target proteins, including the IRS (insulin receptor substrate) proteins,
She (Src homology collagen) and APS [adaptor protein with a PH (pleckstrin
homology) and SH2 (src homology 2) domain]. The phosphorylated proteins then

dock downstream effector molecules which activate different signalling pathways.
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For example, the MAPK (mitogen-activated protein kinase) pathway mediates the
growth-promoting function of insulin; the PI 3-kinase (phosphatidylinositol

3-kinase) and the TC10 pathways are involved in the metabolic actions of insulin

such as increasing glucose transport (Pessin and Saltiel, 2000). (Fig.1.2)

Insulin
receptor a

Pl3-Kinase

.

PDK1

"
PKC zeta PKB/Akt

CeIIJbrowth!gena expression Glucose transport Glycogen synthesis

Figure 1.2 Insulin signal transduction pathway (adapted from Le
Marchand-Brustel et al., 2003)

Insulin interacts with the a-subunits of its receptor, leading to an increase in the
autophosphorylation and the tyrosine kinase activity of the PB-subunits. This
autophosphorylation of B-subunits enables a variety of scaffolding proteins
including insulin receptor substrate 1/2 (IRS1/2), Src homology collage (SHC),
the adaptor protein with a PH (pleckstrin homology) and SH2 (src homology 2)
domain (APS) to bind to intracellular receptor sites and to become phosphorylated.
These phosphorylated proteins then dock downstream effector molecules and
activate different signalling pathways such as mitogen-activated protein kinase
(MAPK) pathway, the phosphatidylinositol 3-kinase (PI 3-kinase) pathway. CAP,
Cbl-associated protein; C3G, Crk SH; binding guanine-nucleotide releasing factor;
MEK,  MAPK/extracellular-signal-regulated  kinase  kinase; ~ PDKI,
3-phosphoinositide-dependent protein kinase-1; PKB/Akt, protein kianse B; PKC,
protein kinase C; SOS, son of sevenless.
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1.2.3 Metabolic effects of insulin

Overview of effect on glucose metabolism

The overall effect of insulin on glucose metabolism is to maintain glucose
homeostasis through promoting the uptake of glucose into muscle and adipose
tissues and inhibiting endogenous glucose production from the liver. After
digestion and absorption in the small intestine, glucose is released into the blood
stream. This triggers the secretion of insulin from the pancreas into the blood, and
insulin stimulates insulin-sensitive tissues such as skeletal muscles and adipose
tissues to take up glucose. In the liver, glucose is mainly stored as glycogen and
released back to the blood stream during an overnight fasting. In addition, insulin

also facilitates the entry of glucose into adipocytes to synthesize glycerol.

Overview of effect on lipid metabolism

The overall effect of insulin on lipid metabolism is to promote the accumulation
of fat in adipose tissues. Excessive fat is stored in adipose tissues in the form of
triglycerides. Insulin affects the metabolism of fat in two ways. On the one hand,
insulin inhibits the breakdown of fat in adipose tissue by inhibiting the
intracellular hormone sensitive lipase that hydrolyzes triglycerides to release fatty
acids. On the other hand, insulin promotes lipid synthesis in the liver and adipose
tissue. When the liver is saturated with glycogen, any additional glucose taken up
by hepatocytes is switched into pathways leading to the synthesis of fatty acids,
which are exported from the liver as lipoproteins. The lipoproteins are degraded
through enzyme catalysed reactions in the circulation, providing free fatty acids as

energy for other tissues, including adipocytes, which use them to synthesize
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triglyceride.

1.2.4 Glucose transporters

The effect of insulin on maintaining glucose homeostasis is mainly by regulating
the trafficking of specific glucose transporters (GLUTS) in peripheral tissues such
as skeletal muscle and adipose tissue. Glucose transporters are a class of integral
membrane proteins containing 12 membrane-spanning helices with both the
amino and carboxyl termini exposed on the cytoplasmic side of the plasma
membrane. The molecular weight of glucose transporters is in the range 40-50kDa.
To date, 13 members of the glucose transporter family have been identified. The
most widely studied transporters are GLUT1, GLUT2, GLUT3, and GLUT4

(reviewed by Gould and Holman, 1993).

The effect of GLUTs on glucose metabolism includes basal glucose uptake and
insulin-stimulated glucose uptake. In most tissues, GLUT]1 is responsible for the
glucose uptake during basal conditions. In adipose tissue and skeletal muscle,
GLUT4 is the major transporter responsible for the insulin-stimulated glucose
uptake (Douen et al., 1990; Zorzano et al., 1989). Under basal conditions, GLUT4
is stored in a poorly characterised intracellular vesicular compartment (also called
insulin-responsive compartment (IRC)) and only 5% of GLUT4 cellular protein is
expressed on the cell surface. During insulin stimulation, 50% of intracellular
GLUT#4 transporters are translocated to the cell surface in the presence of ATP and
fuse with the cell membrane to increase the uptake of extracellular glucose into

cells (Holman and Sandoval, 2001). GLUT4 is then retrieved from the cell surface
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plasma membrane by endocytosis and trafficked through a complexed pathway
which may include endosome compartments, the trans-Golgi network, and the
IRC. It has been demonstrated by immunoelectron microscopy that 60% of the
GLUT4 protein is present in tubulo-vesicular elements underneath the plasma
membrane and the remaining protein is localised to the trans-Golgi network,
clathrin-coated vesicles and endosome structures (Hou and Pessin, 2007). The
signal transduction mechanism in this process includes the autophosphorylation of
insulin receptor and its substrate (IRS-1), which results in the activation of
phosphatidylinositol (PI) PI3-kinase and subsequent phosphorylation of protein
kinaseB (PKB)/Akt which is translocated to the membrane vesicles and ultimately
the translocation of vesicular GLUT4 to cell membrane. A recent study also
identified a low-density microsome fraction that is critical for insulin-stimulated
GLUT4 translocation by increasing IRS-1 phosphorylation and subsequent

translocation of PI3-kinase from the cytosol to this fraction (Ogihara et al., 2004)

1.2.5 Insulin resistance

Insulin resistance is a condition in which insulin-sensitive tissues such as skeletal
muscle, liver, and adipose tissue show an impaired response to physiological
concentrations of insulin. It may be also manifested as an increase in plasma
insulin concentrations due to the compensatory secretion of insulin from the
pancreas. Insulin resistant conditions are often seen in obesity, glucose intolerance,
pre-diabetes, and type 2 diabetes. The major features of insulin resistance are
disordered macronutrient (e.g. glucose and lipid) metabolism, such as reduced

glucose uptake and glycogen synthesis in skeletal muscles, an increased lipolysis
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in adipose tissues, and an increased glucose output from the liver. Overall, the
blood glucose level in insulin resistant conditions can be still maintained in a
normal range up to several years because of a compensatory secretion of insulin
by pancreatic B cells leading to hyperinsulinemia (Ramlo-Halsted and Edelman,
2000). However, after the long term requirement for high levels of insulin to
maintain the normal glucose level, the pancreatic B cells gradually become
dysfunctional and there is loss of B cell mass due to apoptosis (Rhodes, 2005).
Fasting insulin levels are typically observed in humans in a range of 10'%-10°M
according to in vivo studies in humans (Ramlo-Halsted and Edelman, 2000) in
healthy and insulin resistant conditions. The insulin levels in most type 2 diabetic
patients are increased due to the compensatory secretion of insulin by pancreatic
cells whereas the primary defect in type 1 diabetes is the loss function of

pancreatic B cells to secretion insulin (Kahn, 1998).

Fasting blood glucose concentrations can increase from a normal level of <5.5mM
to glucose intolerance level of 5.5-7.0mM and type 2 diabetes level of >7.0mM. In
contrast to plasma glucose, plasma free fatty acids levels are always increased in
insulin resistant conditions due to the increased lipolysis of triglycerides in
adipose tissue associated with obesity (Guo et al., 1999). Plasma FFA levels can
be increased from a range of 200-400pM under healthy conditions (Belfort et al.,
2005) to 400-1000uM in obesity or type 2 diabetes (Kashyap et al., 2004). The
details of altered metabolism of glucose and lipids in insulin resistance are further

discussed for each of the following three major insulin-targeting tissues.
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Skeletal muscle

Skeletal muscle is the major site for glucose metabolism and accounts for about
70% of glucose disposal during postprandial states (DeFronzo, 1981). After
digestion of carbohydrate in the small intestine, glucose is released into the blood
stream which stimulates the secretion of insulin from the pancreas into the
circulation. Glucose uptake is mainly mediated by the insulin-responsive glucose
transporter, GLUT4 (Holman and Kasuga, 1997). GLUTI is also expressed in
skeletal muscle but is mainly considered to play a role_in the uptake of glucose at
a ‘basal’ rate. Similar to the effect in liver, insulin stimulates the enzyme glycogen
synthase and inhibits glycogen phophorylase in skeletal muscle, therefore
promoting glucose storage as glycogen. During the insulin resistant state, the
insulin-stimulated glucose uptake by skeletal muscle is impaired and it has been
estimated that the disposal of glucose in skeletal muscle is reduced by 40-60%

(DeFronzo et al., 1981; Baron et al., 1991; Jackson et al., 2000).

Liver

The major metabolic functions of liver with respect to carbohydrate metabolism
are to store glucose as glycogen in the absorptive state and to release glucose from
the glycogen stores during the overnight fasting state. The entry of glucose into
liver hepatocytes is simply dependent on the extracellular glucose level since the
predominant glucose transporter in these cells is GLUT2 which is not responsive
to insulin (Kemp et al., 1997). Glucose metabolism in the liver is regulated by the
effect of insulin and glucose on glycogen synthesis and breakdown. This is

achieved through activating glycogen synthase (the main regulatory enzyme of
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glycogen synthesis) and inhibiting glycogen phosphorylase (the enzyme
responsible for glycogen breakdown). During insulin resistance, the inhibitory
effect of insulin on glycogen breakdown is impaired; therefore, the glucose
production from the liver is increased and contributes to the increased glucose

level in diabetic conditions.

Adipose tissue

The major metabolic role for adipose tissue is to store energy in the form of TAG
and release it in the form of free fatty acids when it is needed by other tissues. The
formation of the fat stores in adipose tissue is comprised of two major pathways:
uptake of TAG from plasma and de novo lipogenesis of TAG from other sources
particularly glucose. The uptake of TAG is mediated by lipoprotein lipase, an
enzyme hydrolyses the TAG in TAG rich particles (chylomicrons and very low
density lipoproteins) to release free fatty acids. Insulin promotes the synthesis of
TAG in adipose tissue through stimulating TAG uptake by activating lipoprotein
lipase (Farese et al., 1991) and prevents TAG release as fatty acids in the plasma
(Jensen et al., 1989). Another important metabolic event in adipose tissue is fat
mobilisation which involves the liberation of free fatty acids from the stored TAG
to the bloodstream for energy supply to other tissues during fasting conditions.
This process is called lipolysis and is facilitated under the actions of
hormone-sensitive lipase (HSL) (Holm, 2003). Insulin inhibits lipolysis through
inactivation of HSL by dephosphorylation, which further contributes to its roles in
promoting fat stores in adipose tissue (Degerman et al., 1998). During insulin

resistance, the major defect in adipose tissue metabolism is the lack of inhibitory
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effect of insulin on fat store mobilization, which results in increased lipolysis of
TAG and consequently increased plasma free fatty acid level (Sethi and

Vidal-Puig, 2007).

1.2.6 Obesity-associated insulin resistance

1.2.6.1 Free fatty acids and insulin resistance

Insulin resistance has been shown to co-exist with a number of other diabetes and
cardiovascular disease risk factors, among them obesity, in particular central
obesity with which it has been shown to have the closest relationship. Obesity has
become a major health problem in developed countries. In the UK, it is estimated
that 1 in 5 adults are obese and two-thirds are overweight (Skidmore and Yarnell,

2004).

Abnormal accumulation of fat in non-adipose tissue such as muscle and liver
plays an important role in the aetiology of insulin resistance. The development of
the 'H magnetic resonance spectroscopy ('H MRS) technique has successfully
established the negative relationship between intramyocellular lipid and
whole-body insulin sensitivity (McGarry, 2002). In order to establish ‘cause and
effect’ relationships between fat accumulation in muscle and insulin resistance,
several research groups have demonstrated that in healthy, insulin-sensitive
subjects, an increase in intramyocellular lipid (IMCL) caused a significant
decrease in whole body insulin sensitivity (Boden et al., 1994; Brechtel et al,

2001). These studies also showed that there is a clear positive relationship
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between circulating free fatty acid levels and the accumulation of IMCL in
skeletal muscles. Interestingly, both of these studies found that after Sh infusion of
lipid, the accumulation of TAG in muscle is coincident with the decreased
insulin-stimulated glucose disposal. Roden et al. (1996) also reported that the rate
of whole-body glucose uptake was not affected during the first 3.5h of lipid
infusion, but it significantly decreased to 46% of control values after 6h. These
studies demonstrated that an acute increase in the circulating FFA induces a
significant suppression of insulin-mediated glucose uptake into muscle in healthy
people, indicating an important role for FFA in the establishment of insulin

resistance in skeletal muscles.

Furthermore, dietary intervention studies using animals fed with different types of
fatty acids provides more convincing evidence for the role of individual fatty
acids in insulin resistance in skeletal muscles. Storlien et al. (1991) reported that
high saturated fat fed rats developed insulin resistance; whereas those fed with
diets high in n-3, with a low n-6/n-3 ratio, maintained insulin action at normal
levels, indicating a role of saturated fatty acids in insulin resistance. In vitro cell
culture studies also supported the idea that saturated fatty acids are more potent to
induce insulin resistance than unsaturated fatty acids. Chavez et al. (2003)
reported that exposure of muscle cells particularly to saturated FFA such as
palmitate and stearate, rather than a mono-unsaturated FFA such as oleate, caused

a reduction in insulin-stimulated glucose uptake.
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In addition, epidemiological studies in human subjects also support the
association of saturated fat intake and insulin resistance. For example,
Mayer-Davis et al. (1997) reported that high intake of saturated fatty acids is
associated independently with higher fasting insulin concentrations (as an
indicator of insulin resistance), and this relationship may be dependent on
increased body adiposity. In contrast, several cross-sectional studies have found
that intake of both saturated and trans FAs is associated with hyperinsulinemia and
with risk of type 2 diabetes, independent of general obesity (Maron et al., 1991;
Parker et al, 1993; Marshall et al, 1997). The causal relationship between
saturated fat intake and insulin resistance has been implicated by several lines of
evidence in dietary intervention studies. Reducing saturated fat intake starting in
infants for up to 9 years has been shown to be associated with an improvement in
insulin sensitivity (Kaitosaari et al., 2006). Furthermore, another intervention
study giving healthy subjects high-saturated fat diet for 3 months reported a 10%

reduction of insulin sensitivity (Vessby et al., 2001).

Taken together, data from in vitro and in vivo studies suggest a clear association
between elevated circulating FFA, especially saturated FFA, and insulin

resistance.

1.2.6.2 Inflammatory cytokines and insulin resistance
Adipose tissues especially the visceral adipose tissues are not only considered as a
temporary site fatty acids storage, but more importantly function as metabolically

active organs, secreting adipokines including inflammatory cytokines such as
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tumour necrosis factor a (TNF-a) and interleukin-6 (IL-6), leptin, adiponectin,
and resistin. Overall, these molecules have significant effects on the regulation of
body metabolism, the inflammatory response, and also are implicated in the
development of insulin resistance. The following section is mainly focused on the
role of the adipose tissue-related inflammatory cytokines TNF-a and IL-6 in
insulin sensitivity. However, there is also more and more evidence showing that
the inflammatory response in adipose tissue might due to the infiltration of

macrophages (Surmi and Hasty, 2008).

TNF-a

TNF-o is a pro-inflammatory cytokine that has been implicated in the
pathogenesis of insulin resistance (Borst, 2001). It is produced as a 26kDa cell
surface transmembrane protein that undergoes cleavage to produce a 17kDa
soluble, biologically active form. TNF-a exerts its biological effect by binding to
TNF-a receptors (TNFR1 and TNFR2) on cell membranes (reviewed by Locksley

etal, 2001).

There were controversial data on the role of TNF-a in contributing to insulin
resistance. The production of TNF-a is observed to be increased in adipose tissues
from virtually all obese and insulin resistant rodent models as well as human
subjects (Kern et al., 1995; Hotamisligil et al., 1995; Saghizadeh et al., 1996). In
vitro incubation of adipocytes with TNF-a caused a reduction in
insulin-stimulated glucose uptake (Hotamisligil et al., 1994a) while in vivo

treatment with TNF-a also caused a similar effect (Hotamisligil et al., 1994b). In
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addition, animal studies using either genetically engineered TNF-a knockout
mouse or experimentally neutralising TNF-a found an amelioration of insulin
resistance, which further provided a direct link between TNF-a and insulin
resistance (Uysal et al., 1997; Hotamisligil et al., 1993). However, inhibition of
tumor necrosis factor (TNF)-o action using a recombinant-engineered human
TNF-a-neutralising antibody failed to improve insulin sensitivity in obese type 2
diabetes human subjects (Ofei et al., 1996). Taken together, the existing data seem
to support a more important role of TNF-a in rodent obesity-linked insulin

resistance than in humans.

IL-6

IL-6 is another pro-inflammatory cytokine that has been associated with insulin
resistance. It is secreted by several cell types, including immune cells, fibroblasts,
endothelial cells, skeletal muscle, and adipose tissue. IL-6 circulates as a variably
glycosylated protein with molecular weight 22-27kDa. IL-6 initiates its signal
transduction cascade through binding to a transmembrane receptor which induces

homodimerisation with another transmembrane receptor, gp130.

The association between IL-6 and insulin resistance is supported by
epidemiological studies which show that plasma IL-6 levels are positively
correlated with human obesity and insulin resistance (Vozarova et al., 2001; Kern
et al., 2001). Tﬁis association is further supported by the observation that weight
loss causes a significant reduction of IL-6 levels in both adipose tissue and serum

(Bastard et al., 2000). Compared to the epidemiological studies, the direct effects
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of IL-6 on insulin sensitivity are less consistent. There is some evidence
supporting a direct of role of IL-6 in inducing insulin resistance. For example, one
in vitro study culturing hepatocytes with IL-6 reported an inhibition of insulin
receptor signal transduction (Senn et al., 2002). However, the acute administration
of IL-6 did not impair glucose homeostasis in healthy volunteers (Steensberg et al.,
2003) and IL-6-deficient mice were not protected from development of obesity
and glucose intolerance (Wallenius et al,, 2002). More studies are required to

clarify its role in insulin resistance.

1.2.7 Molecular mechanisms of insulin resistance

It is now widely acknowledged that the development of insulin resistance is a
consequence of more than one molecular defect resulting from altered attenuated
functional changes in both insulin signalling and effector molecules that mediate
the various metabolic pathways activated by insulin. The effect of insulin on
glucose transport and metabolism is one of the most important metabolic

pathways associated with insulin resistance in skeletal muscle and adipose tissue.

Insulin receptor

The major defect of the insulin receptors in insulin resistance is the reduced
insulin receptor tyrosine kinase activity rather than the number of receptors
expressed on the cell membrane. Insulin receptor numbers are reduced in isolated
adipocytes (Sinha et al.,, 1987) but remain normal or only slightly decreased in
skeletal muscles from obese type 2 diabetes patients (Arner et al., 1987; Caro et

al., 1987). In contrast, insulin receptor tyrosine kinase activity has been reported
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to be reduced in both muscle and adipose tissue from obese rodents (Le
Marchand-Brustel et al,, 1985) and insulin-resistant individuals (Grasso et al.,

1995).

IRS proteins

Insulin receptor substrate proteins (IRS-1 and IRS-2) play critical roles in
mediating insulin signal transduction from the insulin receptor and PI3-kinase,
There is much evidence indicating that the elevated ser/thr phosphorylation of
IRS-1 (and possibly IRS-2) in muscle and adipose tissue is an important
molecular defect contributing to insulin resistance in obesity and diabetes
(reviewed by Le Marchand-Brustel et al., 2003). For example, the insulin
resistance induced by TNF-« is associated with a marked increase in IRS-1 ser/thr
phosphorylation through inhibiting the insulin receptor tyrosine kinase activity
(Hotamisligil et al., 1996). Furthermore, in vitro, increased ser/thr phosphorylation
of IRS-1 and IRS-2 caused an inhibition of IRS protein binding to the
juxtamembrane region of the insulin receptor. This impaired the activity of the
IRS protein as substrates for insulin-stimulated tyrosine phosphorylation (Paz et

al,, 1997).

PI3-kinase/PKB-signalling

The role of PI3-kinase and associated PKB signalling on insulin-stimulated
glucose metabolism has been firmly established during the last two decades.
Reduced PI3-kinase and PKB activity in skeletal muscles has been well

documented in both obese and type 2 diabetic patients (Goodyear et al., 1995;
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Krook et al., 1998; Baynes et al., 2000; Cozzone et al., 2008).

Glucose transporters

Glucose uptake in skeletal muscle and adipose tissue is mainly mediated by cell
surface glucose transporters: GLUTI, responsible for non-insulin-stimulated
glucose uptake and GLUT4, responsible for insulin-stimulated glucose uptake.
The possible defects in glucose transporters are considered mainly as glucose

transporter expression and translocation.

Total GLUT4 expression was reported to be reduced in adipose tissue of animals
with obesity and type 2 diabetes (Tsakiridis et al., 1994) and also in isolated
adipocytes from patients with type 2 diabetes (Sinha et al., 1991). However, there
was no significant change in total GLUT4 proteins in skeletal muscle in type 2
diabetes patients (Handberg et al., 1990; Eriksson et al., 1992; Pedersen et al.,
1990). The existing evidence suggests that the impaired GLUT4 translocation is

the primary defect in insulin resistance.

1.2.8 Mechanisms of FFA-induced insulin resistance

The classical mechanism of FFA-induced insulin resistance proposed by Randle et
al. (1965) was that fatty acids compete with glucose for substrate oxidation. The
increased availability of fatty acids to skeletal muscle cells causes an increase in
the intramitochondrial acetyl Coenzyme A (CoA)/CoA and Nicotinamide adenine

dinucleotide/Nicotinamide adenine dinucleotide reduced form (NADH/NAD"

ratios, which inactivates pyruvate dehydrogenase. This in turn would increase
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intracellular citrate concentration leading to inhibition of phosphofructokinase, a
key enzyme in controlling glycolysis. Consequent accumulation of
glucose-6-phosphate would inhibit hexokinase 2 activity and result in an increase
in intracellular glucose concentration and decreased glucose uptake. However,
using '°C and *'P Nuclear Magnetic Resonance (NMR) spectroscopy technique,
this hypothesis has been challenged and several studies reported that
glucose-6-phosphate concentration is reduced during lipid-infusion—induced
insulin resistance, indicating that glucose uptake and phosphorylation is the
rate-limiting step in FFA-induced muscle insulin resistance (Roden et al., 1996;
Dresner et al.,, 1999). Overall, these studies suggest that lipid oversupply to
skeletal muscle contributes to the development of insulin resistance at the level of
glucose uptake perhaps by promoting the accumulation of lipid metabolites that
are capable of inhibiting signal transduction. Two major intracellular fatty acid
metabolites that have been implicated in the development of insulin resistance are

ceramide and diacylglycerol (DAG) (Fig.1.3).
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Figure 1.3 Molecular mechanisms of free fatty acid (FFA)-induced insulin
resistance. The sites at which dacylglyceride (DAG) and ceramide inhibits insulin
signal are also indicated. PKC6, protein kinase C6; IRS-1, insulin receptor
substrate-1; PI3-kinase, phosphatidylinositol 3-kinase; PKB/Akt, protein kinase B;
GLUTH4, glucose transporter 4.

Ceramide

Ceramide is a sphingolipid metabolite and acts as a second messenger in cellular
signal transduction pathways where it may be responsible for cell proliferation,
differentiation, apoptosis, cell adhesion, or migration. There are two major
pathways to generate ceramide in cells (Fig.1.4). The first pathway, called the
metabolic pathway, was described by Okazaki et al. (1989) and involves
reversible ceramide formation from sphingomyelin catalyzed by
sphingomyelinase (SMase). Two SMase enzymes have been reported to be
involved in the hydrolysis of sphingomyelin to ceramide: the neutral SMase and
the acid SMase (Augé et al, 2000). These pathways can be activated by

adipokines such as TNF-a through increasing the activity of neutral SMase
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(Sawada et al., 2004). Secondly, ceramide can be biosynthesized de novo from
exogenous pa'lmitate (the synthetic pathway) (Augé et al., 2000). This occurs in
the endoplasmic reticulum (ER), starting from the condensation of serine with
palmitoyl-CoA to give 3-ketosphinganine reduction which subsequently generates
sphinganine (Merrill and Jones, 1990). Then following the activation of ceramide
synthase, the N-acylation of sphinganine produces dihydroceramide with further

desaturation resulting in ceramide (Michel et al., 1997).

palmitate

Serine palmitoyltransferase l

Sphingomyelin Serine+palmitoyl-CoA

3-Ketosphinganine reductase

Sphingomyelinase
Sphingomyelin synthase 3-Ketosphinganine
) Ceramide synthase l .
Ceramide < Sphinganine

Ceramidase TCemm ide synthase
y

y
Sphingosine

S1P phosphatase Sphingosine kinase

v
Sphingosine-1-phosphate

Figure 1.4 Ceramide synthesis pathways. Ceramide can be generated either
through the hydrolysis of sphingomyelin or by de novo synthesis from palmitate.

Studies using muscle cells exposed to saturated FFAs such as palmitate or stearate
strongly support a role for ceramide in saturated FFA-induced insulin resistance
through its effect on different insulin signalling transduction pathways (Fig 1.4).
Schmitz-Peiffer et al. (1999) first reported an increase in the intracellular pool of
ceramide after treating C2C12 myotubes with physiological concentrations of

saturated FFA palmitate, and this is associated with inhibition of PKB/Akt
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activation. Similarly, Chavez et al. (2003) reported that the saturated FFA
palmitate concomitantly increases the accumulation of ceramide and DAG, and
inhibits PKB/ Akt activation. Importantly, the Chavez study demonstrated that
only manipulation of ceramide metabolism rather than DAG led to the change in
PKB/Akt activity, indicating a role of ceramide in mediating saturated
FFA-induced insulin resistance. However, there are controversial data on the role
of ceramide in mediating insulin resistance in vivo. Two epidemiological studies
reported an increase in ceramide content in skeletal muscles in obese insulin
resistant humans (Adams et al., 2004) and men at risk of developing type 2
diabetes (Straczkowaski et al., 2007). However, a recent study comparing total
muscle ceramide content in individuals with normal insulin sensitivity, impaired
glucose tolerance, and type 2 diabetes did not find a significant difference,
indicating that ceramide content is not a major factor for muscle insulin resistance
(Skovbro et al., 2008). In order to investigate the causal role of FFA in inducing
insulin resistance, several lipid infusion studies were carried out. One study using
lipid infusion further confirmed that palmitate-derived ceramide is the major
component of ceramides in skeletal muscles in subjects who show insulin
resistance after lipid infusion (Straczkoski et al., 2004). However, Yu et al. (2002)
reported that there was no significant change in skeletal ceramide level in subjects
after a Sh lipid infusion, indicating that ceramide is not associated with increased
plasma free fatty acid-induced insulin resistance. The discrepancies between these
studies might be due to the fatty acid amount and composition in the lipid infusion

and duration of the challenge. More studies are required to clarify this issue.
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The mechanism of ceramide-induced insulin resistance has been extensively
studied using in virro cultured muscle cells and adipocytes. Collectively, these
studies indicate that a ceramide-induced defect in insulin signal transduction can
occur through the activation of protein kinase C{ (PKCL) (Powell et al., 2004),
down-regulation of GLUT4 gene transcription (Long et al., 1996) and GLUT4
translocation (Summers et al., 1998), decreasing tyrosine phosphorylation of the
insulin receptor (IRS-1/IRS2) through activating phosphatase A2 (PPA2),
increasing serine/threonine phosphorylation (Storz et al., 1999). Additionally,
ceramide has been shown to play an important role in the lipid raft formation and
stability (Xu et al., 2001). Therefore, it is possible that ceramide may affect the
insulin signal transduction by altering the composition of lipid rafts since the
insulin receptor and its down stream has been reported to be present in caveolae, a

morphological correlate of rafts (Bickel, 2002).

DAG

DAG is another lipid intermediate metabolite that has been shown to be associated
with lipid-induced insulin resistance (Yu et al., 2002; Montell et al,, 2001). DAG
can be either generated by the breakdown of phospholipids or through de novo
synthesis via the esterification of long chain acyl CoA to glycerol-3-phosphate.
The generation of DAG is specifically associated with saturated fatty acids rather
than the unsaturated fatty acids (Montell et al., 2001; Coll et al., 2008). In
biological systems, DAG functions as a potent activator of PKC and thereby
mediates downstream phosphorylation (Marquez and Blumberg, 2003). However,

recent studies also suggest that DAG is an important lipid intermediate strongly
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associated with insulin resistance in skeletal muscle through interfering with
insulin signalling transduction. First of all, the skeletal muscle DAG content has
been shown to be increased in high-fat fed insulin resistant rats (Turinsky et al.,
1990) and lipid-infusion-induced insulin resistant rats (Yu et al, 2002).
Furthermore, in vitro incubation of skelctal muscle with saturated fatty acids
caused an accumulation of DAG and desensitised insulin-stimulated glucose
uptake (Montell et al., 2001). The possible mechanism of DAG mediated
FFA-induced insulin resistance is related to its ability to activate PKC6, the
predominant PKC isoform in skeletal muscle. As a serine kinase, the activation of
PKCO has been shown to contribute to increased IRS-1 serine phosphorylation
and associated reduced activity of PI3-kinase and reduced insulin-stimulated

glucose uptake (De Fea and Roth, 1997).

1.3 Cardiovascular disease

Cardiovascular disease (CVD) refers to a class of diseases that affect the
cardiovascular system including the heart and / or blood vessels (artery and vein).
The main forms of CVD are coronary heart disease (CHD) and stroke.

CVD is the leading cause of global morbidity and mortality. According to the
World Health Organisation report (2003), CVD is responsible for 30% of deaths

in the general population. In type 2 diabetes, CVD is the principal complication

and responsible for 60-65% of total death.

The underlying cause of CVD is atherosclerosis often associated with thrombosis.

Atherosclerosis is a progressive condition characterised by the thickening of the
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arterial wall mainly due to the accumulation of lipids and fibrous tissue in the
inner wall of blood vessels, resulting in the narrowing of the artery lumen and

reduced supply of oxygen to the heart.

1.3.1 Classification of atherosclerosis

Atherosclerosis is an intimal disease characterised by the formation of
atheromatous plaques containing cholesterol and lipids in the inner layer of the
vascular intima of large and medium-sized arteries including the aorta, the carotid
arteries, the coronary arteries and the femoral arteries. The principal sites of
atherosclerotic plaques are mainly in the artery vessel branching areas due to
turbulent flow and shear forces. The development of atherosclerotic plaque is a
chronic, progressive process. According to changes in the anatomical morphology
of the lesions, atherosclerosis can be classified into three major stages: fatty streak,

fibrolipid plaque, and complicated plaque with thrombus formation.

Normal artery

The normal artery consists of three distinct layers: the intima, the media, and the
adventitia (Fig.1.5). The intima is composed of a thin layer of endothelial cells
that forms a barrier in contact with the circulating blood within the lumen. The
media is the middle, thickest layer of the vessel composed mainly of smooth
muscle cells and a matrix of collagen, elastin, and proteoglycans. The adventitia is
the outermost layer of the artery vessel containing fibroblasts, collagen, blood

vessels, nerves, and lymphatics.

44



Fatty streak

The earliest lesion of atherosclerosis is called the fatty streak, which is even
initiated in human infants and children (Napoli et al., 1997). It appears as either
fatty spots less than 1mm in diameter or streaks 1 to 2 mm wide and up to lcm
long. The fatty spots or streaks are barely raised above the intimal surface. Each
lesion is characterised by the focal accumulation of lipid-filled macrophages

(foam cells) within the intima.

Fibrolipid plaque

The fibrolipid plaque is the most important pathologic lesion of atherosclerosis
because it represents the clinical manifestation of the disease. It has a
characteristic microanatomy with a core of extracellular lipid separated from the
media by smooth muscle cells and usually covered by a thick cap of collagen-rich
fibrous tissue composed of smooth muscle cells in a connective tissue matrix.
Surrounding the lipid core are lipid-filled foam cells. Much of the lipid core is
thought to be derived from the death of lipid-containing macrophage derived foam
cells and the release of their intracytoplasmic content (Guyton and Klemp, 1996).
The fibrolipid plaque may project into the arterial lumen and therefore reduce

blood flow through the vessel.

Complicated plaque
The major complications of the fibrolipid plaque include calcification, thrombosis,
plaque haemorrhage, and aneurysm, which subsequently contribute to the

initiation of the clinical symptoms.
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Figure 1.5 Cellular components of the normal artery (adapted from Ross and
Glomset, 1976). The normal artery is composed by three distinct layers: the
endothelium, the medium containing mainly sooth muscle cells and the adventitia.

1.3.2 Risk factors for atherosclerosis
The development of atherosclerosis involves multifactorial processes contributed
to by genetic and environmental factors. The classification of risk factors

contributing to this process is shown in Table 1.1.

Male sex, postmenopausal females, advancing age, family history of heart disease,
tobacco smoking, higher plasma total and LDL cholesterol, lower plasma high
density lipoprotein (HDL) cholesterol, hypertension, and diabetes are classical
risk factors independently associated with increased risk of atherosclerotic heart
disease (Solberg and Strong, 1983). Since there are large amount of mortality and
morbidity related to cardiovascular disease can not be explained by the classical
risks factors, other "conditional" and "underlying" risk factors such as physical
inactivity (Berlin and Colditz, 1990; Leon and Connett, 1991) and obesity (Hubert

et al., 1983; Manson et al., 1995) play an important role in the development of



cardiovascular disease (Desai et al., 2004). Furthermore, there are several
emerging markers that have been suggested to be independently associated with
atherosclerotic risk such as increased plasma lipoprotein (a), C-reactive protein,

fibrinogen, and homocysteine.

Table 1.1 Summary of risk factors of atherosclerosis

Classical and Underlying risk Novel or Emerging

independent risk Factors risk factors

factors (Desai et al., 2004) (Anand et al., 2000)

(Solberg and Strong,

1983)

Male sex Diet and alcohol Lipoprotein (a)

Age Physical inactivity C-reactive protein

Presence of Obesity and overweight  Fibrinogen

atherosclerotic disease

Family history of Psychosocial factors Homocysteine

atherosclerotic disease

Smoking Microalbuminuria and
creatinine

Total cholesterol and

LDL cholesterol

HDL cholesterol

Triglyceride

High blood pressure

Diabetes

Genetic risk factors
LDL: low density lipoprotein; HDL: high density lipoprotein.

1.3.3 Pathogenesis of atherosclerosis

The currently accepted mechanistic models for initiation of atherosclerosis include
the response-to-injury theory and the oxidation theory (Steinberg and Witztum,
2002). According to both theories, endothelial dysfunction and LDL oxidation can

cause increased circulating monocyte recruitment into sub-endothelial spaces,

which is believed to be the earliest and the most critical event in atherogenesis. The
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recruited monocytes then differentiate into macrophages, take up oxidised LDL
and transform into lipid-laden foam cells forming fatty streaks, the earliest

atherosclerotic lesion.

1.3.3.1 The response-to-injury hypothesis

The response-to-injury hypothesis, originally proposed as endothelial
desquamation, is a key event in atherogenesis (Ross et al., 1977). However, due to
a lack of definitive evidence in vivo that endothelial injury is either necessary or
sufficient for lesion formation and the fact that the development of atherosclerotic
lesion is covered by an intact endothelial layer throughout most stages of lesion
progression (Taylor et al,1989), a refined response-to-injury hypothesis is
proposed and suggests that endothelial dysfunction is sufficient to initiate
atherosclerosis through increased endothelial permeability to atherogenic
lipoproteins (Ross, 1993). According to this theory, endothelial dysfunction
increases endothelial permeability for entry of cells and plasma substances into
the sub-endothelial space; enhances endothelial adhesiveness for leukocytes or
platelets which cause endothelial cells to become pro-coagulant. Recruited
leukocytes and platelets release vasoactive molecules such as platelet factor 4
(PF4), monocyte chemoattractant protein-1 (MCP-1), cytokines (e.g. IL-I,
TNF-a), and growth factors (e.g. monocyte-colony simulating factor (M-CSF))
which promote an inflammatory response characterised by migration and
proliferation of smooth muscle cells into the intima and the recruitment of
macrophages into the arterial wall taking up deposited LDL to form lipid-laden

foam cells (reviewed by Crowther, 2005). Accumulation of lipid and formation of
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foam cells in turn promote the inflammatory response. Thus, the continued

inflammation leads to the formation of advanced atherosclerosis.

Endothelium dysfunction

The normal, healthy endothelium regulates many important aspects of vascular
homeostasis such as vascular tone, vascular smooth muscle cell proliferation,
leukocyte adhesion and migration to and through the endothelium, thrombosis and
thrombolysis (Kinlay et al., 2001). In response to various mechanical and
chemical stimuli, endothelial cells produce and release a large number of
vasoactive substances, growth modulators, and other factors that mediate these

functions (Kinlay et al., 2001).

Endothelial dysfunction is characterised as a partial or complete imbalance
between vasodilators and vasoconstrictors such as a reduced production of nitric
oxide (NO) (Arnal et al., 1999) and an increased production of endothelin 1 (Luft,
2002). This leads to an impairment of endothelium-dependent vasodilatation
which is considered as an early marker for atherosclerosis that may even precede
the development of clinically detectable atherosclerotic plaques in the coronary
arteries (Mano et al., 1996). The second characteristic of endothelial dysfunction
is endothelial activation displayed as an increased expression of the
pro-inflammatory factors (e.g. expression of endothelial adhesion molecules such
as vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion
molecule-1 (ICAM-1), E-selectin, and P-selectin), growth promoting and
pro-coagulant factors. This dysfunction plays an important role in the initiation

and progression of atherosclerosis by promoting the adhesion of leukocytes to the
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artery and the proliferation and migration of smooth muscle cells into the

subintimal spaces (Bonetti et al., 2003).

1.3.3.2 The oxidative modification hypothesis

This hypothesis is based on the observation that native LDL has no apparent
atherogenic property but chemically modified LDL (e.g. oxidized LDL) is readily
internalized by macrophages through a scavenger receptor pathway (Lougheed et
al., 1996) by recognising the oxidised lipid and the modification of apoB-100 in
LDL (Endemann et al., 1993; Andrews et al., 1995; Feng et al., 2000). LDL has
been shown to be susceptible to oxidation in vitro (Hurtado et al., 1996). Also, the
oxidised LDL could be taken up by the scavenger receptérs expressed on
macrophages and endothelial cells, which would transform into the foam cells
(Endemann et al, 1993). Furthermore, oxidised LDL has been shown to stimulate
the expression of MCP-1 in both smooth muscle and endothelial cells (Cushing et
al., 1990; Navab et al., 1991), resulting in the recruitment of monocytes and
lymphocytes into the intima; promote differentiation of monocytes into
macrophages (Frostegdrd et al., 1990); and stimulating the proliferation of smooth
muscle and endothelial cells (Rajavashisth et al., 1990). Taken together, these
studies indicate that oxidised LDL plays a central role in the initiation and the

progression of the atherosclerotic lesions.

1.3.4 Role of monocytes in atherosclerosis
Monocytes are a member of the leukocytes in the blood circulation and represent
3~8% of the total leukocyte population. They are usually identified in stained

smears by their large bilobate nucleus. Monocytes are produced by the bone
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marrow from haematopoietic stem cell precursors called monoblasts, After
circulating in the bloodstream for about 1 to 3 days, monocytes migrate into
various tissues throughout the body, where they undergo final differentiation into

heterogeneous macrophages depending on the type of tissue.

Monocytes play a central role in the initiation and progression of atherosclerotic
lesions. First of all, in response to inflammation, there is an increase in monocyte
adhesion to the endothelium of the vessel wall, which triggers the initiation of the
atherosclerotic  lesion. Following subsequent transmigration into the
subendothelial intima, these circulating monocytes differentiate into macrophages
which take up the lipid such as Ox-LDL and in this way are transformed into foam

cells forming fatty streak, the earliest clinical detectable lesion of atherosclerosis.

1.3.4.1 Monocyte adhesion to endothelium

Recruitment of monocytes from the peripheral blood into the intima of the vessel
wall is a critical event in early atherogenesis. The current model for this
emigration includes three distinct events which act together or in sequence (Fig 1.
6). The first step includes selectin-mediated transient adhesion events which allow
circulating monocytes to tether and subsequently roll along the vessel wall. The
second step involves a rapid activating signal which increases adhesion and
arrests the cell by an integrin-dependent firm adhesion to the endothelium. The
final step takes place by chemotaxis causing the transmigration of monocytes
across the endothelial layer into the tissue. The adhesion molecules and its ligands

mediating monocytes adhesion to endothelium are summarised in Table 1.2.
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Several studies have suggested that the insulin resistant condition is associated
with an increased ability of mononuclear cells to bind to the endothelium. For
example, it has reported by Chen et al. (1999) that insulin resistance was
significantly correlated with concentrations of soluble E-selectin, soluble ICAM-1,
and soluble VCAM-1 in healthy subjects. Also, the CD11b expression has been
reported to be significantly increased in monocytes and neutrophils in type 2
diabetic patients compared to healthy controls (Van Oostrom et al., 2004).
Furthermore, another study showed an enhanced neutrophil CD11b expression
after ex vivo stimulation in comparison with controls in patients with type 2
diabetes (Senior et al., 1999). Collectively, these studies suggest that insulin
resistance may predispose individuals to coronary heart disease by activation of
cellular adhesion molecules.

Selectins ‘
- - Integrins

e > e o o -
’ Roling Tethering  Firmadhesion  Transmigration

P® 4 A
T P Wy R st B0

Inflammatory stimuli

Vessel lumen
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Figure 1.6 Leukocytes adhesion cascade (adapted from Quehenberger, 2005)
The circulating leukocytes adhesion to endothelium includes selectin-mediated
rolling and tethering and integrin-mediated firm adhesion.



Table 1.2 Adhesion molecules and ligands known to play a role in
atherosclerosis (Galkina and Ley, 2007)

Adhesion Molecule Ligand Expressing Cells

P-selectin PSGL-1 Endothelial cells

E-selectin PSGL-1 Endothelial cells

L-selectin CD34 Monocytes, PMN

ICAM-1 CD11a/CD18 Monocytes, PMN. Lymphocytes
CD11b/CD18

VCAM-1 CD49d(VLA-4) Monocytes, PMN

PECAM-1 PECAM-1 Monocytes, PMN, EC, lymphocytes

EC: endothethial cells; ICAM-1: Intercellular adhesion molecule-1; PECAM-1:
Platelet/endothelial cell adhesion molecule-1; PMN: polymorphonuclear
leukocytes; PSGL-1: P-selectin glycoprotein-1 ligand; VCAM-1: Vascular cell
adhesion molecule-1; VLA-4: Very late antigen-4.

Selectins

The selectins are a family of glycoproteins with specific structural moieties in
common: an amino terminal lectin-like domain, followed by an epidermal growth
factor-like domain, numerous cysteine-rich tandem motifs, a transmembrane

region, and a short cytoplasmic tail.

To date, three types of selectins are described: L-selectin, E-selectin (molecular
weight 115kDa), and P-selectin (molecular weight 140kDa). L-selectin is
expressed constitutively on almost all leukocytes. Both P-selectin and E-selectin
are the endothelial cell-associated selectins, which are absent on un-stimulated
endothelial cells, but present on the surface of the endothelial cells after
stimulation by several stimuli such as IL-1, bacterial lipopolysaccharide (LPS),
thrombin, phorbol esters, and TNF-a (Krieglstein and Granger, 2001). The major
ligands for all three selectins are highly fucosylated and sialylated carbohydrates

(Varki, 1994; Ley and Kansas, 2004)
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The major function of selectins as adhesion molecules is to target leukocytes to
areas of inflammation or atherosclerosis-prone sites by causing a transient
adherence of leukocytes to the activated endothelium termed as tethering and
rolling. Among these three selectins, P-selectin has been implicated as a critical
molecule in atherosclerosis especially the initiation of this process. The direct
support for this hypothesis comes mostly from various studies using transgenic
mice. For example, P-selectin-knockout mice (P-selectin -/-) subjected to a
high-fat diet for 20 weeks were found to-be significantly less prone to fatty streak
formation than the wild type (Dong et al., 1998). The combination of the
P-selectin and LDL receptor (LDLR) knockout mice (P-selectin -/- and LDLR -/-)
under the high-fat diet for 8weeks developed significantly smaller fatty streaks
than the wild type. Furthermore, it has been reported that in apoE-deficient mice
(Apo E -/-) which spontaneously develop atherosclerotic lesions even fed with a
standard Chow diet for 20 weeks, the size of fibrous plaque lesions was reduced
to 25% in P-selectin -/- mice compared to that in mice with wild type P-selectin
(Dong et al., 2000). There is one study using ex vivo monocyte adhesion to mouse
aorta which has shown that the adherence and rolling of the U937 monocytes on
the carotid artery isolated from ApoE -/- mice fed with a high-fat diet for 4-5
weeks was significantly reduced when P-selectin or its ligand P-selectin
glycoprotein-1 ligand (PSGL-1) was blocked by specific antibodies (Ramos et al.,

1999).

Although the role of selectins in atherosclerosis has been established by the fact

that deletion of P and E selectin markedly reduces atherosclerotic lesions in
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several transgenic mouse models such as LDLR -/- mice and ApoE -/- mice
(Dong et al.,, 1998), only integrin-mediated firm adhesion of monocytes to the

endothelium can cause the subsequent monocyte extravasations.

Integrins

The integrins are a broad family of receptors that mediate a large number of
cellular interactions. In the vasculature, platelets, endothelial cells, smooth muscle
cells, fibroblasts, and leukocytes express one or more integrin proteins and use

these integrins to mediate cell-cell and cell-matrix interactions.

All integrins are composed of an a- and a B-subunit, which bind noncovalently to
form a heterodimer, Each subunit consists of a relatively large NHj-terminal
extracellular domain, a single transmembrane domain, and a COOH-terminal

cytoplasmic tail. 16 a subunit and 8 B subunit are reported at present.

Monocytes express both B, and P, integrins, which interact with adhesion
molecules expressed on endothelium and mediate the adhesion of monocytes to
the endothelium. The p; integrin family consists of at least six different
heterodimer complexes (B; subunit complexed with one of the six a subunits
(0;-06) and act as receptors for fibronectin, collagen, and laminin. Among the B,
integrins expressed on monocytes, Very Late Antigen-4 (VLA-4, o4 B) has been
reported to have an important role in regulating monocyte entry into early and
advanced atherosclerotic lesions (Shih et al., 1999; Patel et al., 1998). It was also

suggested by in vitro studies that the VLA-4 integrin mediates the adhesion of
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monocytes to cytokine-stimulated endothelial cells (Elices et al., 1990) through
interactions with its ligand VCAM-1. The P, integrins consist a common B, chain
(CD18), but different a subunits (o, or CD11a, ey or CD11b or Mac-1, ax or
CDllc, op or CDI11d). CD11b is the most abundant a-subunit of integrin
expressed on monocytes. The ligands for B, integrins include extracellular matrix
proteins such as fibronectin and adhesion molecule (ICAM-1) on endothelium to

mediate the cell-matrix and cell-cell interactions.

The integrin-mediated firm adhesion of monocytes to endothelium requires the
activation of integrin. Integrin activation can be referred to as an increase in the
affinity of the receptor for ligand and/or an increase in avidity on the cell surface
(Van Kooyk and Figdor, 2000; Hogg et al.,, 2002). Studies have shown that
integrins have ligand binding sites on both a and P subunits (Takada et al., 2007).
There are three major regions called the a subunit I-domain, the seven
NH;-teminal repeats of the a subunit, and a conserved region of the B subunits
that appears to be a functional and structural homologue of the a subunit I-domain

(Calderwood, 1997).

The first form of integrin activation is a conformational change of integrin
I-domain which causes a greater receptor-ligand binding strength (higher affinity).
For example, divalent cations such as Mg** and Mn?* have been shown in vitro to
induce integrin conformational change into high affinity states by binding to a
region near to the N-terminus called metal ion dependent adhesion site (MIDAS)

(Mould and Humphries, 2004).The second form of integrin activation is an

56



increase of integrin expression on the cell surface caused by enhanced
mobilization of intracellular stored integrins to the cell surface to increase the
overall binding strength. PMA is one of the typical reagents used in vitro to
increase leukocytes’ (e.g. neutrophil and monocyte) integrin (CD11b) expression
in both short-term (10-30 min) (Siddiqi et al., 2001) and longer-term (24h-72h)
(Miranda et al., 2003). The short-term effect of PMA on increasing integrin
expression is through activating PKC and Ras guanyl nucleotide-releasing protein
(RasGRP) (Tognon et al., 1998; Zheng et al., 2005) while the long-term effect is
through inducing monocyte differentiation. In addition, inflammatory cytokines
have been reported to be potent stimuli of integrin activation. C-reactive protein
has been shown to increase the cell surface CDI1b expression on human

monocytes within 30min (Woollard et al., 2002).

VCAM-1

VCAM-1 is the receptor for the ligand for VLA-4 and belongs to a class of
immunoglobulin superfamily protein (molecular weight of 100-119kDa).
VCAM-1 is not normally expressed on resting endothelial cells, but is induced on
the surface of endothelial cells after stimulation during incubation with specific
cytokines such as IL-1 and TNF-a. In vitro, the level of endothelial cell surface
VCAM-1 expression has been reported to peak at 6-10h and persist for 48-72h
after IL-1 or TNF-a stimulation (Osborn et al., 1989; Carols et al., 1990).
VCAM-1 has been suggested to play a unique role in the early stage of
atherosclerosis. First of all, the expression of VCAM-1 has been shown to be

rapidly induced from undetectable expression level under baseline conditions to a
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high expression level in early lesions and lesion-prone regions by
pro-atherosclerotic conditions in mice (Nakashima et al,, 1998) and humans
(O’Brien et al., 1993). Secondly, the partially VCAM-1 knockout mouse with an
LDLR-/- genetic background and given a cholesterol-rich diet for 8 weeks showed
a significant reduction in the areas of early atherosclerotic lesions compared to
wild-type (Cybulsky et al., 2001). These studies provide direct evidence of the
role of VCAM-1 in the development of atherosclerosis. In addition to the role of
VCAM-1 and VLA-4 f, integrin mediated firm adhesion of monocytes to
endothelium; VCAM-1 is also involved in the initial tethering and rolling step
(Alon et al., 1995; Berlin et al., 1995). Finally, the firm adhesion is mediated by
the interaction between VLA-4 and VCAM-1. Firm adhesion occurs without
chemokine-mediated conformational change of VLA-4 (Gerszten et al., 1996),
indicating that VCAM-1 can directly regulate the adhesion of monocytes to the

endothelium.

ICAM-1

ICAM-1 is another member of the immunoglobulin superfamily of adhesion
protein (molecular weight of 100kDa). Unlike the expression pattern of VCAM-1,
ICAM-1 is expressed constitutively at low levels on the surface of endothelial
cells and also can be induced by cytokine stimulation such as IL-1 and TNF-a
within 4-6h and with maximal expression at 24h (Kevil et al.,, 2001). As an
adhesion molecule, ICAM-1 is also implicated in the process of atherosclerosis.
The expression of ICAM-1 is up-regulated at atherosclerosis-prone sites on the

endothelium in the ApoE-deficient mice (Nakashima et al., 1998) and correlates
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with increased infiltration of monocytes (Scalia et al., 1998). The direct evidence
for its involvement in CVD comes from transgenic mice studies in which
C57BL/6 mice depleted of ICAM-1 receiving a high-fat diet showed a significant
reduction in aortic lesion size compared to wild-type (Nageh et al., 1997; Collins
et al., 2000). ICAM-1 mediates monocyte adhesion to the endothelium via
interacting with the B, integrins such as CD11b/CD18 and CD11a/CD18. Studies
using antibody to block ICAM-1 and CDI1b/CD18 in hypercholesterolaemic
mice showed inhibition of mononuclear cell recruitment into the aortic intima
(Nie et al., 1997). Furthermore, mice with a mutation in the gene of the common
CD18 subunit of B; integrins showed a reduction in the aortic size when fed with a

high-fat diet (Nageh et al., 1997).

1.3.4.2 Formation of foam cells

Following the transmigration of monocytes into the sub-endothelial layer of the
intima, the major fate of monocytes is to diﬂ'e.rentiate into macrophages, generate
oxidizing radical species, take up oxidised lipoproteins/lipids, and transform into
lipid-laden foam cells. The formation of foam cells (also called the fatty streak) is
the hallmark and the earliest clinically detectable atherosclerotic lesion. It is
acﬁievcd by the accumulation of cholesteryl ester from oxidised LDL in

macrophages via scavenger receptors (Table 1.3).
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Table 1.3 Macrophage scavenger receptors that bind lipoproteins (van Berkel
et al,, 2005)

Receptors Ligand Expressing Cells

Scavenger receptor class A, Ox-LDL, Ac-LDL, long @, SMC
typeland II (SR-A AUII) chain fatty acids

CD36 Ox-LDL, long chain fatty &, monocytes,
acids platelets, SMC

CD68 Ox-LDL @, neutrophils,

mast cells

Scavenger receptor class B, HDL @, epithelial cells

type [ (SR-B1)

Lectin-like ox-LDL receptor-1 Ox-LDL ®, SMC

(LOX-1)

Scavenger Ox-LDL D

receptor-phosphatidylserine
and oxidized lipoprotein
(SR-PSOX)

Ox-LDL: oxidised low-density lipoprotein; ®: macrophages; SMC: smooth
muscle cells.

Since the first macrophage scavenger receptor was cloned in 1990, 8 subclasses of
receptors have been characterised with different structures that can bind and
internalise a wide range of polyanionic ligands, including modified forms of LDL
(Matsumoto et al.,, 1990; Freeman, 1997). Among all the scavenger receptors,
scavenger receptor A type I and I (SRAI/II) and CD36 have been implicated to
play important roles in the macrophage uptake of modified LDL and the

development of atherosclerosis.

SR-A
SR-AV/II was the first macrophage scavenger receptor to be purified and cloned
(Kodama et al., 1990; Rohrer et al., 1990). SR-AVII are expressed not only on the

cell surface of tissue macrophages, but also detected on macrophage foam cells
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and on aortic endothelial cells within atherosclerotic plaque (Naito et al., 1992;
Daugherty et al., 1997). Regarding the uptake of lipid, these receptors have been
shown in vitro to mediate the majority (~80%) of macrophage uptake of
acetylated LDL and ox-LDL through recognising the modified Apo B protein
component (Kunjathoor et al., 2002; Zhang and Yang, 1993). However, data from
in vivo transgenic animal studies on the role of SR-A in atherosclerosis are
controversial. Studies using hyperlipidemic mouse models with depletion of
SR-AV/II gene demonstrated a marked reduction (80% to 85%) in lesion area and
arterial lipid accumulation (Sakaguchi et al., 1998; Babaev et al., 2000). However,
mice overexpressing the SR-A in either LDLR -/~ or ApoE -/- genetic
backgrounds did not further exacerbation of the atherosclerosis lesions and in
contrast showed a 74% reduction in atherosclerotic lesion sizes in the aortic arch

(van Eck et al., 2000; Herijgers et al., 2000).

CD36
CD36 is an 88 kDa plasma membrane glycoprotein originally identified in the late -
1980s as glycoprotein IV, a platelet receptor that bound thrombospondin and
Plasmodium falciparum parasitized erthrocytes (Silverstein et al., 1989; Oquendo
et al., 1989). CD36 is expressed on a wide range of cell types such as
monocytes/macrophages, endothelial cells, platelets, and myotubes (Greenwalt et
al., 1992). The role of CD36 in lipid uptake was suggested by Endemann et al.
(1993) that CD36 was a macrophage receptor for taking up moderately ox-LDL.
In the formation of atherosclerotic lesions, CD36 has been demonstrated in vitro

to be the major receptor mediating the uptake of ox-LDL uptake by macrophages,
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contributing 60% to 70% of cholesterol ester accumulation in macrophages
exposed to either Cu®*- or myeloperoxidase/peroxynitrite-oxidised LDL (ox-LDL;
Huh et al., 1996; Kunjathoor et al., 2002; Podrez et al., 2000). The component in
ox-LDL recognised by CD36 is a class of oxidised phosphatidylcholine molecules
(Podrez et al., 2002). In vivo, studies using ApoE -/- mice with CD36 knock out
fed with a high-fat diet for 12 weeks showed a significant decrease (76%) in
atherosclerotic lesion area compared to ApoE -/- control mice (Febbraio et al.,
2000). This further supports the role of CD36-mediated ox-LDL uptake in the
formation of foam cells and atherosclerosis. A similar result is observed in less
hyperlipidemic ApoE -/- mice fed a chow diet with a daily CD36 ligand injection
for 4-12 weeks (Marleau et al., 2005). Furthermore, transplantation studies have
demonstrated that ApoE -/- mice with CD36-/- bone marrow resulted in a large
reduction in aortic lesions in hypercholesterolemic mice, indicating that
macrophage CD36 may also contribute to atherosclerotic lesion progression

(Febbraio et al., 2004).

Others

There are also other scavenger receptors such as lectin-like ox-LDL receptor-1
(LOX-1) and Scavenger receptor-phosphatidylserine and oxidized lipoprotein
(SR-PSOX) that have been identified as receptors for oxidised LDL (ox-LDL)
(Sawamura et al., 1997; Minami et al., 2001). Although there is some evidence
showing that these receptors are expressed in macrophages in atherosclerotic
lesions of humans and hyperlipidemic mice (Kataoka et al., 1999; Chen et al.,

2000), more studies are needed to further clarify their direct role in
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atherosclerosis.

1.3.4.3 Monocyte/macrophage-induced inflammatory response

It is now widely accepted that atherosclerosis is an inflammatory disease. This is
supported by the observation that many inflammatory cells such as monocyte-
derived macrophages and T lymphocytes are present in atherosclerotic lesions
(Jonasson et al., 1986). Cytokines such as TNF-a, IL-1-B produced by these
inflammatory cells are found in the atherogenic lesions. These cytokines, through
different pathways, can accelerate the formation of foam cells and the progression
of atherosclerotic lesions. One possible way is that both TNF-a and IL-18 are
potent monocyte and endothelium activators, consequently causing more
monocyte adhesion to the endothelium through the up-regulation of adhesion
molecule expression on monocytes and the endothelium (Szmitko et al., 2003).
Another pathway could be inducing the secretion of reactive oxygen species

which further contribute to the oxidation of LDL (Shoelson et al., 2006).

1.4 Hypothesis

Obesity-induced insulin resistance is caused by FFA partly via altered ceramide
metabolism in peripheral tissues. Both obesity and insulin resistance are important
risk factors for atherosclerosis, and an elevated plasma FFA level is a common
feature of individuals with obesity/insulin resistance. Therefore, it is possible to
postulate that obesity/insulin resistance may contribute to the development of
atherosclerosis by increased FFA via altered ceramide metabolism and functional

disturbances in inflammatory cells (Figl.7).
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Figure 1.7 Hypothesis of the project. FFA: free fatty acids.

1.5 Aims
The aim of this project is to investigate whether saturated fatty acid-induced
insulin resistance contributes to changes in monocyte function and any role for

altered ceramide metabolism in these effects.
This will be achieved through the following objectives:

¢ To investigate the induction of insulin resistance in monocytes by culturing

cells (monocytes and myotubes) with free fatty acids (palmitate and oleate).

e To investigate the effect of free fatty acids (palmitate and oleate) on CD11b
and CD36 expression on monocytes and the adhesion of monocyte to

endothelium/the endothelial receptor ICAM-1.

e To investigate whether inhibition of ceramide synthesis can prevent any

change in insulin sensitivity and monocyte phenotype due to free fatty acids.

64



Chapter 2

Materials and Methods
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2.1 Preface

This chapter describes the general methods used within this thesis, including cell
culture, preparation of fatty acid-bovine serum albumin (BSA) solutions, flow
cytometry, 2-deoxy-D-[*H] glucose uptake, monocyte adhesion assay, intracellular
reactive oxygen species (ROS) measurement, cell viability assays, sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and western
blot. This thesis developed the methods for cell surface receptor expression by
flow cytometry, western blot for glucose transporters, and monocyte adhesion to
ICAM-1-Fc and aorta. Fatty acids conjugation to BSA, ROS measurement,
2-deoxy-D-[*H] glucose uptake, protein assays and cell viability assays were

already in place.
2.2 Cell Culture

Materials

All gases were from BOC Ltd (Guildford, UK).

The human monocyte cell lines U937 and THP-1 and rat L6 skeletal muscle cell
line were purchased from Health Protection Agency Culture Collections (Porton
Down, Salisbury UK). |

Foetal bovine serum (FBS), RPMI 1640 (UltraGlutaMax), Dulbecco’s modified
Eagle’s medium (DMEM, high glucose), Trypsin-EDTA solution (0.05% trypsin,
0.53mM EDTA), Penicillin (100U/ml) and Streptomycin (100pg/ml) were
obtained from Cambrex (Verviers, Belgium). Trypan Blue solution (0.4%) was

purchased from Sigma (UK). Lymphoprep was from Axis-shield (Nycomed
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Pharma AS, Oslo, Norway).

Methods

2.2.1 U937 and THP-1 Monocytes

Monocytes were routinely maintained in RPMI 1640 medium containing 11mM
glucose, supplemented with 10% heat-inactivated foetal bovine serum (FBS), with
100U/ml penicillin and 100pg/ml streptomycin. Cells were grown at 37°C in a
humidified 5% CO,/95% air incubator. U937 cells were passaged every 3 or 4
days and THP-1 cells were passaged every 5 or 6 days. The number of viable
cells was determined by trypan blue exclusion using a Neubauer haemocytometer.
Cell densities were maintained between 1~10x10°/ml and cells in exponential

growth phase were used for experimentation.

2.2.2 EAhy926 endothelial cells

Eahy926 cells were a kind donation from Dr D Lamb (University of Surrey).
EAhy926 endothelial cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) medium containing 25mM glucose supplemented with 10%
heat-inactivated foetal bovine serum (FBS) with 100U/ml penicillin and 100pg/m]
streptomycin and 100uM hypoxanthine, 0.4pM aminopterin, 16pM thymidine
(HAT), which is referred as DMEM complete medium. Cells were grown in T75

flasks at 37°C in a humidified 5% C0O2/95% air incubator.

EAhy926 cells were passaged at a ratio of 1:10 after removal from the flask with

Trypsin—Ethylenediaminetetraacetic acid (EDTA) every 3 or 4 days. In brief, the
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cell monolayer was gently washed twice with 10ml sterile PBS, then incubated
with 2.5ml pre-warmed Trypsin—-EDTA for 2min at 37°C to dislodge adherent
cells from flasks. After incubation with DMEM (5ml) containing 10% FBS to
neutralise trypsin activity, cells were transferred to 20ml universal tubes and
centrifuged at 150g for Smin. The supernatant was then removed and the cell
pellets were re-suspended into DMEM complete medium. Viable cells were

determined by trypan blue exclusion using a Neubauer haemocytometer.

2.2.3 L6 skeletal muscle cells

Rat L6 myoblasts were maintained in DMEM containing 5% heat-inactivated
foetal bovine serum (FBS) (v/v), 25mM D-glucose, ImM sodium pyruvate, ImM
L-glutamine, 100U/ml penicillin and 100pg/ml streptomycin. Cells were grown at
37°C in a humidified 5% C0O2/95% air incubator and were passaged at a ratio of
1:15 after removal from the flask with Trypsin-EDTA every 3 days as for
EAhy926 cells. Experiments were undertaken in 24-well plates seeded from
preconfluent flasks with 5x10* cells/ml. The cells were grown to reach ~70-80%
confluence and the medium was changed to DMEM containing 0.5% FBS for 24h
to induce differentiation and fusion of myoblasts into myotubes for subsequent

experimentation.

2.2.4 Primary mononuclear cell (MNC) isolation and culture

2.2.4.1 Separation of MNC from whole blood

Peripheral blood mononuclear cells (MNC) were isolated by density gradient
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centrifugation using Lymphoprep. 25ml venous blood was obtained from
consenting healthy adults and mixed with sterile 4% sodium citrate at 9:1 ratio to
prevent coagulation. Under sterile conditions, the whole blood was diluted with
pre-warmed sterile PBS/0.1%BSA solution at 1:1 (v/v) ratio. The diluted blood
(25ml) was carefully layered onto 15ml lymphoprep solution in 50ml! conical
tubes. Tubes were then centrifuged at 160xg (Sigma benchtop centrifuge Type
1-13, rotor # 12027, Osterode am Harz, Germany) for 15min at 20°C, Then the
top plasma-platelet layer was removed by aspiration until 1.5ml remained above
the buffy coat. Tubes were then centrifuged at 350xg for 20min at 20°C. MNC
was collected from the interface between the plasma and lymphoprep by gentle
suction using a Pasteur pipette and transferred to 15ml conical tubes. The cell
suspensions were diluted 1:10 with phosphate buffered saline (PBS)/0.1%BSA
and washed three times with PBS/0.1%BSA by centrifugation at 225xg for 10min
at 4°C. The typical recovery of MNC is 90% and the purity of MNC fraction is

85%.

2.2.4.2 MNC cell culture
MNC at 10%ml were cultured in RPMI 1640 medium supplemented with 10%
FBS, 100U/ml penicillin and 100pg/ml streptomycin at 37°C in a humidified 5%

C0,/95% air incubator.
2.3 Conjugation of fatty acids to BSA

Materials

Glucose-free RPMI 1640 was from Lonza (Verviers, Belgium). Sodium palmitate,
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sodium oleate and fatty-acid-free BSA were from Sigma (Poole, Dorset, UK).

Principle
Free fatty acids (also called non-esterified fatty acids) circulate in the bloodstream

mainly in the form of free fatty acid-albumin complexes so that they can be
transported into target tissues to be metabolised or stored (Fig.2.1). Albumin acts
as a carrier of free fatty acids through two different binding affinities and 6
binding sites. In this way, there is only low concentration of fatty acids which are
unbound in plasma (Spector and Fletcher, 1978). The number of unbound fatty
acids is dependent on the molar ratio of total fatty acids to plasma BSA. The
higher the molar ratio, the more unbound fatty acid remains. The molar ratio for
free fatty acids and albumin is between 1 and 3 under physiological conditions
and can be increased in disease states. It has been reported that under
pathophysiological conditions such as coronary heart disease there is an elevation
in plasma free fatty acid level, however, the plasma albumin level is relatively
stable or decreased (Kleinfeld et al., 1996; Hostmark, 2003). This consequently
causes a higher fatty acid/albumin molar ratios and an increase in plasma unbound

free fatty acid.
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Aston University

Hlustration removed for copyright restrictions

Figure 2.1 Free fatty acids (FFA) and plasma albumin equilibrium. (Richieri
and Kleinfeld, 1995)

Methods

A stock solution of palmitate (200mM) and oleate (100mM) were prepared by
dissolving sodium palmitate and sodium oleate into 70% ethanol in 0.1M NaOH
at 60°C for palmitate and at room temperature for oleate for 4h as described
previously (Zhang et al., 2006). Fatty acids were then complexed with 5% fatty
acid-free BSA using a concentration of SmM fatty acid at 37°C, stirring for 4h and
adjusted to pH 7.4. After sterilising through a 0.2um filter, solutions were stored
at 4°C for no longer than 2 weeks. A control solution was made by mixing 70%
ethanol in 0.1IM NaOH with BSA in the absence of fatty acids. The final fatty
acids to BSA ratio is 2:1 for experimental conditions using monocytes and 6:1 for

experimental conditions using L6 skeletal muscle cells.
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2.4 Flow Cytometric analysis of cell surface antigens

Materials

Mouse anti-human monoclonal CD11b-PE (IgG) antibody, mouse anti-human
CD36-FITC (IgG), mouse anti-human CD206-PE (IgG) antibody and mouse
anti-human CDI14-PE-Cy5 (IgG) antibody and appropriate negative control
antibodies were purchased from Serotec (Oxford, UK). 1% sodium hypochlorite
and human IgG were from Sigma. Isoton diluent II was from Beckman-Coulter

(High Wycombe, Buckinghamshire, UK).

Principles

Flow cytometry can be used to quantify the relative level of specific cell antigens
which have been fluorescently labelled. Antibodies conjugated with fluorophores
such as phycoerythrin (PE) or fluorescein isothiocyanate (FITC) can label specific
cell surface antigens in non-permeabilised cells. Total cellular DNA can be
labelled e.g. with propidium iodide after cells are fixed and permeabilised. When
the cell suspensions are passed through the flow cytometer laser beam, the cell
surface antigens can be determined according to the fluorescence intensities and
cells can be further distinguished according to the cell size (forward scatter) and

granularity (side scatter).

Methods
2.4.1 Measurement of the expression of cell surface CD11b, CD36 and
monocyte differentiation marker CD206 in viable U937 monocytes

After various treatments, U937 monocytes were incubated in RPMI 1640 medium
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containing 10% FBS and leave on ice for 15min to block Fc receptors. Cells were
then incubated with a saturating concentration of monoclonal mouse anti-human
antibodies CD11b-PE or CD36-FITC or CD206-PE for 30 min on ice in the dark.
Negative controls were prepared by mixing cells randomly taken from four wells
and incubating with isotype negative antibodies under the same conditions. After
incubation, the monocytes phenotype was determined by measuring the
expression of cell surface integrin CD11b, scavenger receptor CD36, and
monocyte differentiation marker mannose receptor CD206 using flow cytometry.
Data was acquired from 10,000 cells. Data were expressed as median fluorescence

intensity (MdX).

2.4.2 Measurement of the expression cell surface CD11b in viable mononuclear
cells (MNC)

The expression of cell surface integrin CD11b was determined in CD14" cell
population which represents monocytes in mononuclear cells isolated from whole
blood. After various treatments, MNC were collected into 1.5m] Eppendorf tubes
and centrifuged at 2000xg for Smin. After removal of supernatant, cell pellets
were resuspended into 100ul Fe receptor blocking buffer (PBS/0.1%BSA/10pug/ml
human IgG) for 30min on ice. Cells were incubated with antibodies (anti-human
CD14-PE-CyS5 and anti-human CD11b-PE) for a further 30min on ice in the dark.
In order to measure the viable cell CD11b expression, cells were incubated with
propidium iodide (PI) after staining with antibodies. PI is a fluorescent molecule
with a molecular mass of 668.4 Da that can be used to stain DNA. It is excluded

by viable cells but can penetrate cell membranes of dying or dead cells. Therefore,
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it can be used to distinguish necrotic, apoptotic and normal cells when combined
with forward scatter parameter by flow cytometry (Mangan and Wahl, 1991).
After antibody staining, cells were washed three times with washing buffer
(PBS/0.1%BSA/1ug/ml human IgG) and resuspended in 1ml PI solution (25pug/ml
PI in PBS/0.1BSA/1pg/ml human IgG) for 15min on ice in the dark. CD11b
expression on primary monocytes was immediately determined by counting 5000
CD14" PI negative (viable) cells and expressed as MdX (Fig.2.2 A-G.).
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Figure 2.2 Flow cytometric measurement of CD11b expression on mononuclear
cells (MNC). Human mononuclear cells (MNC) (10%ml) were isolated from whole
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blood by density centrifugation and incubated with 10pg/ml monoclonal mouse
anti-human CD11b-PE antibody for 30min on ice and in the dark and then co-stained
with 25pg/ml propidium iodide (PI) for 15min. The cell surface expression of CD11b
was determined by flow cytometry. A. A dot graph of the whole mononuclear cells
(MNC) population according to cell size measured by the forward scatter (FS) and the
granularity measured by the side scatter (SS). B. A PI versus FS graph of viable and
dead cells by FS and propidium iodide (PI) exclusion in MNC whole population. C. A
histogram of CD14"and CD14" cells in MNC whole population. Cells in M1 gate are
CD14". D. A PI versus FS graph of viable and dead cells in CD14" cells. Cells in R2
region are viable cells (PI negative). E. A Histogram of the expression of CD11b on
the whole MNC population. F. A histogram of the expression of CD11b expression on
CD14" cells. G A histogram of the expression of CD11b expression in the CD14*
viable cells.

2.5 2-Deoxy-D-[’H] glucose (2-DG) uptake

Materials

Packard 1900 TR liquid scintillation counter

2-deoxy-D-[’H] glucose was from Amersham Life Science Inc. (Arlington
Heights, IL)

Optiphase Hi-Safe 3 scintillant was purchased from Fisher (Loughborough, UK).
HEPES/phosphate buffer (20mM HEPES, 140mM NaCl, SmM KCl, 2.5mM
MgS04.7H,0, ImM CaCl,.2H,0, pH 7.4) was used for THP-1 monocytes 2-DG
uptake.

Krebs Ringer Carbonate buffer (118mM NaCl, 5SmM KClI, 1.18mM MgS0Q,4.7H,0,
1.17mM KH;PO4, 25mM NaHCO;, 1.27mM CaCl;.2H,0, pH 7.4) was used for L6

myotube 2-DG uptake.

Principles
Glucose uptake was measured by using tritiated glucose 2-deoxy-D-glucose

(2-DG) which is taken up by the cells in an identical manner to glucose,

phosphorylated but not metabolised further (Walker et al., 1989). Since D-glucose
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and 2-DG uptake were mediated by the same glucose transporter system (Scharrer
and Amann, 1980), the glucose uptake can be measured by incubating L6 skeletal
muscle cells or monocytes with unlabeled 2-DG and a trace amount of

radiolabeled 2-deoxy-D-[H] glucose.

Methods

2.5.1 2-DG uptake by U937 and THP-1 monocytes

After various treatments, U937 or THP-1 monocytes were collected into 1.5ml
Eppendorf tubes and centrifuged at 150xg for Smin. Cells were washed once with
glucose-free  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
/phosphate buffer (pH 7.4) at 22°C. Cells were then incubated with 0.5ml
HEPES/phosphate  buffer  supplemented  with  0.ImM  unlabelled
2-deoxy-D-glucose and 2-deoxy-D-[’H] glucose at 0.1pCi/ml for 10min at room
temperature when the glucose uptake was in the linear range (Bailey and Turner,
2004). The uptake was stopped by adding Iml ice-cold glucose-free
HEPES/phosphate buffer and cells were centrifuged at 150xg for Smin. Cells
were then washed twice with the above buffer. After centrifugation, cell pellets
were lysed by addition of 0.5ml 1M NaOH. Cells were then transferred to
scintillation vials, to which 5ml Hi-Safe 3 scintillant was added and the cell
associated radioactivity was determined by liquid scintillation counting. Uptake of
2-deoxy-D-glucose by cells exposed to varying treatments was expressed as the
percentage compared with control (100%), which is typically 5-8pmol/10°
cells/min for basal uptake of 2-DG as reported previously (Bailey and Turner,

2004).
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2.5.2 2-DG uptake by L6 myotubes

After various treatments, L6 myotubes were washed with glucose-free KRB
buffer at room temperature. Cells were then incubated with 0.5ml of KRB buffer
supplemented with 0.1mM 2-deoxy-D-glucose and 2-deoxy-D-[’H] glucose at
0.1pCi/ml for 10min at room temperature when the glucose uptake was in a linear
range. After washing cells three times with ice-cold KRB, cells were lysed with
0.5ml 1M NaOH and radioactivity was counted in Sml Hi-Safe 3 scintillant using
a Packard 1900 TR liquid scintillation counter. Uptake of 2-deoxy-D-glucose was
expressed as the percentage compared with control (100%), which was typically
5-8pmol/10°cells/min for basal uptake of 2-DG as reported previously (Bailey and
Turner, 2004).

2.6 Uptake and accumulation of palmitate in U937 and THP-1 monocytes
Materials

[9, 10-H] palmitic acid was purchased from Amersham (UK).

Methods

To test whether palmitate was up taken by monocytes, U937 or THP-1 cells
(3x10%/ml) in 12-well plates were incubated with 100uM (non-toxic concentration
of palmitate) unlabeled palmitate-conjugated to 5% fatty acid free-BSA and
0.1uCi/ml [9, 10-*H] palmitic acid for 0-72h in RPMI1640 supplemented with
10% FBS and 100U/ml penicillin and 100pg/ml streptomycin. Cells were washed

with PBS containing 0.1% fatty acid free BSA and cell pellets were lysed with

0.5ml 1M NaOH for at least 1h at room temperature. Radioactivity in cell lysate
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was determined by scintillation counting.

Figure 2.3 shows that palmitic acid was taken up by U937 and THP-1 cells in a
time dependent manner. In both type of cells, palmitic acid was rapidly taken up
into cells up to 12h. Over 50% uptake was observed at 6h compared to Oh. The
maximal uptake of palmitic acid was observed at 24h (91+1%). Further incubation

(48h and 72h) did not increase the uptake above that seen at 24h.
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Figure 2.3 Time course of palmitic acid uptake by U937 and THP-1
monocytes U937 and THP-1 monocytes (10°/ml) incubated with 0.1uCi/ml of
*H-palmitic acid and 100uM unlabeled palmitate in 12-well plates for 0-72h at
37°C. The uptake of palmitic acid was calculated as the percentage of cell
associated radioactivity of total radioactivity (radioactivity in cell pellets and

supernatants). Data are Mean+SEM from 3 independent experiments performed in
triplicate.

2.7 Production of recombinant human ICAM-1-F¢ protein

Materials
Luria Broth (LB), agar, tetracycline (Smg/ml), carbenicillin (100mg/ml), and

ethidium bromide were obtained from Sigma.
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MC1061/p3 competent bacteria cells and NoVaBlue cells were from Invitrogen
(Paisley, UK). The MC1061/P3 cells were used for plg vector and selection on
Ampicillin and Tetracycline. The NovaBlue cells are routinely used for DNA
cloning due to their high transformation efficiencies.

Buffer E 10x and Hind III enzyme were from Promega (Southampton, Hampshire,
UK).

2xHEPES buffered saline (HBS) and 1M CaCl, were from Sigma (Poole, Dorset,
UK)

50xTris-Acetate-EDTA (TAE) buffer: Tris-Base (242mg) was mixed with
57.1ml acetic acid and 100ml 0.5M EDTA, pH was adjusted to 8.5 and the
solution was made up to 1L by dH,O.

Dialysis buffer: 10ml 1M NaH,PO4 was mixed with 80ml 0.5M Na,HPO, and the
solution was made up to 2.5L by dH,0O.

Protein G column was from GE Healthcare (Buckinghamshire, UK).

Methods

2.7.1 Preparation of LB broth and LB agar

LB broth solution (25g/L) was prepared by mixing 10g of LB with 400m1 dH,O.
LB agar solution (15g/L) was prepared by mixing 4.5g agar and 7.5g LB with
300ml dH,O. After autoclaving, LB agar solution was supplemented with
10pg/ml tetracycline and 100pg/ml carbenicillin. LB agar plates were prepared by
pouring 25ml LB agar solution into Petri dishes and were allowed to set at room
temperature for subsequent experimentations. LB broth solution was stored at

4-8°C,
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2.7.2 Transformation of E. coli with ICAM-1-Fc and ICAM-1-transmembrame
¢DNA

The MC1061/P3 cells were used for ICAM-1-Fc ¢cDNA transformation and the
NovaBlue cells were used for ICAM-1-transmembrane cDNA transformation. In
brief, 2ul of ICAM-1-Fc ¢cDNA or ICAM-1-transmembrane ¢cDNA was mixed
with the MC1061/P3 cells or the Nova Blue cells on ice for 5min. Then the
NovaBlue cells were heated at 42°C for 30 seconds while the MC1061/P3 cells
were heated at 37°C water bath for 1min. Both cells were then incubated on ice
for a further 2min. After addition of 250ul SOC (Super Optimal catabolite
repression) bacterial growth medium, the NovaBlue cells were immediately plated
on LB agar Petri dishes. MC1061/P3 cells were incubated at 37°C for 1h and then
plated in LB agar Petri dishes. The Petri dishes were placed up-side down and

incubated at 37°C overnight.

2.7.3 Miniprep of bacteria plasmid DNA

After overnight growth, a single bacterial colony was carefully selected from each
Petri dish. The bacteria cells were then cultured in 5Sml LB broth with antibiotic
added overnight with shaking at 37°C. Bacterial cell suspensions (1-1.5ml) were
then transferred to sterile 1.5ml Eppendorf tubes and centrifuged at 13,000xg for
5min to obtain the cell pellets. After removal of supernatant, bacterial cells were
resuspended in 200pul GTE buffer (50mM Glucose, 25mM Tris, 10mM EDTA, pH
8.0), mixed with 400ul 1%SDS/0.2M NaOH and incubated on ice for Smin. The
bacterial cell lysates were then mixed with 300ul of 3M K'/5M Acetate and

incubated on ice for another Smin to precipitate chromosomal deoxyribonucleic

80



acid (DNA) and proteins. After centrifugation at 13,000xg for S5min, the
supernatants containing DNA were collected into new Eppendorf tubes and mixed
with 600ul ice-cold isopropanol and incubated on ice for 10min. The tubes were
then centrifuged at 13,000xg for Smin. After removal of the supernatants, the
pellets of nucleic acid was dissolved in 500ul of 80% ethanol and centrifuged at
13,000xg for Smin. After removal of ethanol completely, the nucleic acid pellets
were air dried and resuspended in 50u1 TE buffer (10mM Tris-HCI, ImM EDTA,

pH 8.0) and stored at -20°C.

2.7.4 Maxiprep of bacteria plasmid DNA

Large scale plasmid DNA preparation was conducted according to the
manufacturer's instructions using a Promega Maxiprep kit. In brief, after overnight
growth of 50-100ml transformed E.coli bacterial cell cultures at 37°C, cells were
centrifuged at 3000xg for 10min. The cell pellets were mixed with Cell Lysis
Solution and incubated at room temperature for 3min. Afier mixing with
Neutralisation Solution, the cells were left for 2-3min in an upright position to
allow a white flocculent precipitate to form. The precipitates were then passed
through a PureYield Column and lysate filtrate was collected into a 50ml conical
tube and centrifuged at 1500xg for Smin. The filtered lysate was then placed onto
the PureYield Binding Column and centrifuged at 1500xg for 3min. After that, the
column was washed with 5Sml Endotoxin Removal Wash solution (with
isopropanol added) and followed by 20ml of Column Wash Solution (with ethanol)

by centrifugation to remove excessive ethanol. The DNA was eluted by adding

600u] Nuclease-Free Water to DNA binding membrane in the PureYield Binding
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Column and centrifuged at 2000xg for Smin. The filtrates were collected into

1.5ml Eppendorf tubes and stored at -20°C.

2.7.5 DNA 1% agarose gel

DNA (10-20pl) samples prepared from either Miniprep or Maxiprep were
digested by incubating with HIII enzyme in reaction buffer for 4h at 37°C. Then
the 24pl of digested DNA mixture was mixed with 6ul 6xDNA loading buffer
(12% glycerol v/v, 60mM Na,EDTA pH 8, 0.6% SDS w/v, 0.003% bromphenol
blue w/v, 0.003% xylene cyanol w/v).

1% agarose gel was prepared by dissolving agarose (1.7g) in 170ml 1xTAE buffer
and heated in a microwave for 3min until the agarose was completely dissolved.
After cooling, 150ml of agarose solution was gently poured into a horizontal gel
tank (15.5cmx10cmx3cm, lengthxwidthxheight) and the comb was immediatély
inserted. After the gel was set, the comb was gently removed and DNA samples
(20pl) and DNA HyperLadder I (Bioline, London, UK) were loaded into each
well. The gel was run in 1xTAE buffer at 150V, 250mA for 80min. DNA bands

were visualized under ultraviolet rays (UV) light.

Figure 2.4 shows that the ICAM-1-F¢ cDNA fragments from maxiprep (Lane 7
and 8) were in same postion size as original cDNA (Lane 1 and 2). However, the
ICAM-1-TM c¢DNA fragments from the miniprep were not the same as the
original cDNA. Therefore, in the subsequent experiment, ICAM-1-Fc ¢cDNA was
used for transfection into 293T cells to generate human recombinant ICAM-1-Fc

protein.
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Figure 2.4 1% agarose gel plasmid DNA samples analysis.
Lane 1 and Lane 2: original ICAM-1-Fc cDNA

Lane 4 and Lane 5: original ICAM-1-TM c¢cDNA

Lane 7 and Lane 8: ICAM-1-Fc ¢cDNA from maxiprep

Lane 10: ICAM-1-TM cDNA from miniprep

Lane 12: DNA marker.

2.7.6 Transient transfection of ICAM-1-Fc DNA into 293T cells

293T cells are derivative of a human renal epithelial cell line called 293 and stably
express the large SV40 T antigen, allowing episomal replication of plasmids
containing the SV40 origin and early promoter region. Because of their high
transfection efficiency, 293T cells are widely used for transfection and production

of recombinant proteins.

ICAM-1-Fc DNA (32ul) was mixed with 1.6ml 0.25M of CaCl, solution. This
mixture was added drop wise to 1.6ml 2xHBS solution for 10min until the
formation of a visible precipitate. Then the precipitate was added to 239T cell
suspensions (5x10%ml) and further diluted with DMEM supplemented with 10%
FBS, 25mM D-glucose, ImM L-glutamine, 100U/ml penicillin, and 100pg/ml

streptomycin to a density of 2.5x10%/ml. The cells were incubated at 37°C
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overnight. Subscquently, the cell culture medium was removed and replaced by
DMEM supplemented with 2%FBS, 25mM D-glucose, ImM L-glutamine,
100U/m! penicillin, and 100pg/ml streptomycin. 239T cells were further

incubated in the above medium for 72h until confluent.

2.7.7 Dialysis of cell culture medium protein

After 72h, the cell culture medium was collected into 50ml conical tubes and
centrifuged at 2000xg for Smin. The supernatant was added with 0.02% sodium
azide and transferred to dialysis membrane tubes (Medicell International Ltd,
London, UK) with molecular weight cut-off 12000-14000 Daltons. The tubes
were immersed in the dialysis buffer (4mM NaH;PO4, 16mM Na,HPO,) for two

and half days with daily change of buffer at 4°C.

2.7.8 Purification of ICAM-1-Fc protein by protein G column

After dialysis, the ICAM-1-Fc¢ protein was purified from the cell culture medium
by protein G affinity chromatography. The protein G column was first equilibrated
with PBS for 15min. Then the cell culture medium after dialysis was passed
through the column. After that, the column was washed with PBS for 15min. The
ICAM-1-Fc protein was eluted by 0.1M glycine solution (pH 2.7) and fractions
were collected into at least 8 different 1.5ml Eppendorf tubes containing 200ul
IM Tris-HCI (pH 9.0). Finally, the column was washed with 15ml PBS and 3ml

70% ethanol and stored at 4-8°C for re-use.
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2.7.9 Protein assay by Bradford method

The protein concentrations of each eluted fraction were determined by the
Bradford protein assay (Bradford, 1976). The Bradford protein assay is based on
the equilibrium between the three forms of Coomassie Blue G dye. The dye exists
in three forms: cationic (red), neutral (green), and anionic (blue). Under acidic
conditions, the dye is predominantly in the doubly protonated red cationic form
(Maximum absorbance = 470 nm). However, when the dye binds to protein, it is
converted to a stable unprotonated blue form (Maximum absorbance = 595nm).
This blue protein-dye form can be detected at 595nm in the assay using a

spectrophotometer or microplate reader.

10u1 of each fraction eluted from the protein G column was mixed with 200u1 dye
and 790pul dH,O and incubated at room temperature for Smin before reading
absorbance at 595nm using a spectrometer. Figure 2.5 shows a typical protein
concentration profile of each elution fraction. Protein concentration was estimated

from a BSA calibration curve.
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Figure 2.5 Absorbance of each elution fraction at 595nm by Bradford assay.
ICAM-1-Fc protein was produced according to 2.7 and purified by protein G
column according to 2.7.8. Nine different fractions were collected from the
protein G column and protein concentration was determined by mixing 10ul of
each fraction eluted from the protein G column with 990u1 dH,0 and incubated at

room temperature for Smin. The absorbance was read at 595nm using a
spectrometer.

2.8 SDS-PAGE and Western Blot

Materials

ICAM-1 standard was from IDS (Tyne & Wear, UK).

ICAM-1-Fc protein was obtained according to section 2.7.

Goat anti-human ICAM-1 polyclonal primary antibody was from R&D

(Minneapolis, MN, USA).

Polyclonal rabbit anti-goat IgG secondary antibody conjugated with HRP was

from DAKO (Cambridgeshire, UK).

Resolving gel buffer: Tris-Base (18.15g) was dissolved in 50ml water. SDS (0.4g)
was added and dissolved. pH was adjusted to 8.4 and the solution was made up to

100ml.
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Stacking gel buffer: Tris-Base (6.05g) was dissolved in 50ml water. SDS (0.4g)
was added and dissolved. pH was adjusted to 6.8 and the solution was made up to
100ml.

10% Ammonium persulphate (APS): 10% APS solution was aliquoted to 200ul
and stored at -20°C.

TBS buffer (10xconcentrations): Tris-Base (30g) and NaCl (60g) were
dissolved in 900ml H>O. pH was adjusted to 7.5 and the solution was made up to
IL.

Running buffer: Tris-Base (3.0g), Glycine (14.4g), and SDS (1.0g) was
dissolved in 1L water.

Transfer buffer: Tris-Base (4.5g) and Glycine (21.6g) was dissolved in 1200ml
water. Methanol (300ml) was added just before the transfer of gel to PVDF
membrane.

Blocking buffer: 5% non-fat milk in 0.1% tween-20 in TBS.

Washing buffer: 0.1%Tween-20 in TBS

Acrylamide-bisacrylamide solution: Protogel containing acrylamide (30%
w/v)-bisacrylamide (0.8% w/v) solution (37.5:1) is purchased from Geneflow
(Staffordshire, UK).

TEMED (1, 2-Bis (dimethylamino) ethane): TEMED contains tertiary amine
base to ;:atalyse the formation of free radicals which will cause acrylamide to

polymerise to form a gel matrix.

Methods
2.8.1 Sample preparation

The ICAM-1 standard protein was reconstituted in dH,O at a concentration of
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2mg/ml. Both ICAM-1 standard protein and purified ICAM-1-Fc protein which
contains the entire extracelluar domain of the human ICAM-1 molecule and the Fc
portion of human IgG1 was mixed with 2xsample buffer (20%glycerol, 4% SDS,
and 10% 2-mercapto-ethanol, 0.02% bromophenol blue and freshly added 100mM
dithiothreitol) and boiled for 10min on a heat block at 95°C. The samples were

then resolved by 10% SDS-polyacryamide gel electrophoresis (SDDS-PAGE).

2.8.2 SDS-PAGE

The resolving gel was prepared according to Table 2.1 and set in plates using a
BioRad Mini Protean II cell. After polymerisation of the resolving gel, stacking
gel was prepared subsequently and poured on top of the resolving gel. A 10-well
comb was inserted immediately. The comb was gently pulled out after the
stacking gel was fully polymerised. Protein samples (20pg) and Kaleidoscope
prestained markers (Bio-Rad, CA, USA) (5pl) were loaded into each well. The gel

was submerged in running buffer and electrophoresed at 115V, 310mA for 1h

45min.
Table 2.1 Resolving and Stacking gel
Resolving Gel (12ml) 10% Stacking Gel (7.5ml) 4%

H;O 4.8 ml H,0 4.87 ml
Buffer 1 3 ml Buffer 1 1.87 ml
Acrylamide solution 4 ml Acrylamide solution 0.75 ml

10% APS (added freshly) | 200 pl 10% APS 75 ul

TEMED 20 pl TEMED 10 pl
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2.8.3 Coomassie Blue Staining

After migration of the dye front to the end of the gel, the gel was stained with
20ml Coomassie blue staining solution (0.05% Coomassie Blue in 50% methanol
and 10% acetic acid) for 2h at room temperature with gentle agitation. After that,
the gel was gently washed once with tap water and washed with 20ml destain
solution (5% methanol and 7% acetic acid in distilled water) for 15 minutes for 3
to 4 times until the protein bands were present. Figure 2.6 shows the ICAM-1 and
ICAM-1-Fc protein band after 10% SDS-PAGE and stained with 0.05%

Coomassie Blue.

127kDa

85kDa

ICAM-1 ICAM-1-Fc

Figure 2.6 Coomassie Blue staining of ICAM-1-F¢ and ICAM-1 SDS-PAGE
gel. ICAM-1 and ICAM-1-Fc protein was resoled on 10% gel and stained with
Coomassie Blue.



2.8.4 Western Blot

To confirm the recombinant ICAM-1-Fc¢ protein identity, Western blot analysis
was carried out. After resolution by 10% SDS-PAGE, the proteins were
transferred to polyvinylidene fluoride (PVDF) membrane (GE Healthcare,
Buckinghamshire, UK) in transfer buffer with an ice-pack at 115V, 240mA forlh
45min. The membrane was blocked at 4°C overnight in 5% non-fat milk and 0.1%
tween-20 in TBS and then incubated with goat anti-human ICAM-1 primary
antibody (1:1000 dilution in blocking buffer) for 2h at room temperature with

gentle agitation. After that, the membrane was washed with 20ml washing buffer

(0.1%Tween-20 in TBS) by 4x15min at room temperature. Then the membrane
was incubated with rabbit anti-goat IgG conjugated with horseradish peroxidise
(HRP) conjugated secondary antibody (1:4000 in blocking buffer) for 1h at room
temperature and followed by 4x15min washes with washing buffer at room

temperature.

The blots were visualised by incubating PVDF membrane with emission
chemoiluminescence (ECL) plus mixture solutions (reagent A: reagent B, 40:1 v/v)
at room temperature for 1min and then exposed to X-ray film (GE Healthcare) for
30 seconds in a dark room. The film was developed and fixed using developer
(Photochem Econotol 2) and fixer (Photochem Econofix 2) solution (Jessop,

Birmingham, UK). The film was washed with cold water for 2min and air dried.

As shown in Figure 2.7, under reducing conditions, ICAM-1-F¢ protein resolved
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by 10% SDS-PAGE and detected with anti-ICAM-1 antibody showed a protein

band at 127kDa while ICAM-1 protein showed a molecular weight around 85kDa.

127kDa” ———»

85kDa —*

by

ICAM-1 ICAM-I1-Fc

Figure 2.7 Western blot of ICAM-1-F¢ SDS-PAGE gel. ICAM-1 and
rICAM-1-Fc protein was resolved on 10% SDS-PAGE gel and blot with
anti-ICAM-1 antibody. The protein band was visualised by an ECL plus kit.

2.9 Immobilisation of ICAM-1-Fec protein to 96-well plate

Materials

Capture monoclonal antibody (mAb): mouse anti-human IgG (Fc specific)
(Sigma)

Goat anti-human ICAM-1 polyclonal primary antibody (R&D)

Polyclonal rabbit anti-goat IgG secondary antibody conjugated with HRP
(DAKO)

Coating buffer: PBS +20mM sodium carbonate, pH 9.2
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Blocking buffer and antibody diluting buffer: 1% BSA in PBS
Substrate buffer: 10ml citrate phosphate solution (0.15M, pH 5.0) with 8ul H;O;
(8.8M) and one o-phenyldiamine tablet added freshly.

Stopping solution: (2M H,SOy)

Methods

2.9.1 Direct coating 96-well plate with ICAM-1-Fc

MaxiSorp flat-bottom 96-well plates NUNC, Thermo Fisher Scientific, Roskilde,
Denmark) were incubated with 10pg/ml ICAM-1 standard, ICAM-1-Fc, human
IgG or 1%BSA solution in carbonate buffer (50ul/well) overnight at 4°C with
gentle agitation. Wells were washed twice with 200ul/well PBS and blocked with

200ul /well 1% BSA for 1h at 37°C.

2.9.2 Indirect coating 96-well plate with ICAM-1-Fc

ICAM-1-Fc protein was immobilized to 96-well plates through the following
procedures. The MaxiSorp flat-bottom 96-well plates were first incubated with
50ul/well mouse anti-human IgG (Fc specific) F(ab’); antibody (20pg/ml in
20mM carbonate buffer, pH 9.2) overnight at 4°C with 30rpm rotation. The plates
were then washed twice with 200pl/well PBS and blocked with 200ul/well
PBS-1% BSA (blocking buffer) for 1h at 37°C. ICAM-1-Fc¢ protein and human
IgG were diluted in PBS-1% BSA at concentrations from 0-20pg/ml (50pl/well)
were incubated for 2h at 37°C. To verify the orientation of ICAM-1-Fc protein,
human IgG (300pg/ml) was co-incubated as a competitor for the binding of

ICAM-1-Fc to anti-Fc mAb.
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After that, the plates were washed twice with 200pl/well PBS and blocked with
200ul/well PBS-1% BSA for 1h at 37°C. Then the plates were incubated with
50ul/well goat anti-human ICAM-1 primary antibody (1:1000 dilution in blocking
buffer) for 2h at 37°C. After washing twice with 200ul/well PBS, the plates were
incubated with rabbit anti-goat IgG conjugated to HRP secondary antibody
(1:2000 dilution in blocking buffer) for 1h at 37°C. After that, the plates were
washed four times with 200ul/well 0.1% Tween-20 in PBS and twice with PBS.
The plates were then incubated with 50pl substrate solution at room temperature
for 20min and the reaction was stopped by the addition of 50pl 2M H,SO4

solution. The optical absorbance was read at 490nm by a spectrophotometer.

Figure 2.8 shows that the binding of ICAM-1-Fc to anti-Fc antibody was
increased in a concentration dependent manner. ICAM-1-Fc at the concentration
of 1pg/ml was sufficient for saturated binding to anti-Fc antibody and the binding
was almost completely blocked by co-incubation with 300pg/ml human IgG
Therefore, 1ug/ml of ICAM-1-Fc was used for coating plates and for investigating

monocyte adhesion,
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Figure 2.8 Optimisation of human recombinant ICAM-1-Fc¢ coating to
96-well plate. Mouse anti-human Fc mAb at 1pg/well was added to 96-well plate
overnight at 4°C with gentle rotation. After washing and blocking with 1%BSA
for 1h at 37°C, the plate was incubated with various concentrations of ICAM-1-Fc,
human IgG and both for 2h at 37°C. After washing and blocking, the binding was

quantified by ELISA. Data are meantSEM of 3 independent experiments
performed in triplicate.

2.10 Intracellular reactive oxygen species (ROS) measurement

Materials

2°, 7’,-dihydrodicholorofluorescein diacetate (DCFH-DA) was purchased from

Sigma.

Principles

Intracellular ROS levels were determined using the membrane permeable
peroxide sensitive dye 2’, 7°.-dihydrodicholorofluorescein diacetate (DCFH-DA),
which is a non-polar, non-fluorescent compound. Intracellular DCFH-DA is

activated by intracellular esterases to hydrolyse the acetate groups forming the
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non-fluorescent 2°, 7°, - dihydrodichlorofluorescein (DCFH), which effectively
retain the compound within the cell. In the presence of cytosolic peroxide ROOH,
DCFH acts as a substrate which is rapidly oxidised to the highly fluorescent 2°, 7°
- dihydrodicholorofluorescein (DCF). DCF is excited at 488nm and emits

fluorescence at 505-545nm and therefore can be measured by flow cytometry.

Methods
THP-1 or U937 monocytes (1 XIOGIml) were incubated with 25pM DCF-DA dye
37°C for exactly 20min in the dark and the intracellular levels of ROS were

determined as DCF fluorescent intensity by flow cytometry.

2.11 Monocyte adhesion assay

Materials

2', 7-Bis (2-carboxyethyl)-5(6)-carboxyfluorescein tetrakis (acetoxymethyl) ester
(BCECF-AM) was purchased from Sigma (UK).

Medium 199H (M199 medium with 10mM HEPES) was from Cambrex
(Belgium).

Microplate Spectrofluorometer (Spectramax Gemini XS, Molecular Devices,

Sunnyvale, USA).
BCECF-AM is an acetoxymethyl ester of BCECF. BCECF-AM is intrinsically

nonfluorescent, it is converted to a green fluorescein derivative (BCECF) on

hydrolysis by cytosolic esterases in mammalian cells at Aex 485nm; Aey 535nm.
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Stock BCECF-AM (10mg/ml) was prepared by dissolving BCECF-AM in 200ul
Dimethyl sulphoxide (DMSO) and diluted to 1ml by PBS. The stock solution was

stored at -20°C and protected from light.

Methods

2.11.1 Labelling monocytes with BCECF-AM

U937 monocytes, THP-1 monocytes or mononuclear cells (5 x10%ml) in RPMI
1640 (10% FBS) were incubated with 10pg/ml BCECF-AM for 30min at room
temperature in the dark. The dye loading was quenched by adding 10-fold excess
of M199H medium and centrifuged at 100xg for Smin. Cells were then washed
twice with M199H medium and resuspended in M199H medium at a final

density of 2.5x10%/ml.

2.11.2 Monocyte adhesion assay

EAhy926 endothelial cells (1x10%/ml) were seeded in 24-well plates and grown in
DMEM medium supplemented with 10%FBS, 100U/ml penicillin and100pg/ml
streptomycin, and 100uM hypoxanthine, 0.4uM aminopterin, 16pM thymidine

(HAT) at 37°C for 48h to be confluent.

Labelled monocytes (2.5x10°/ml) in M199H medium were incubated with
confluent EAhy926 endothelial monolayer in 24-well plates (in Chapter 5) or
ICAM-1-Fc coated 96-well plates (in Chapter 5) or segments of rat aorta (in
Chapter 6) for 30min at 37°C. Non-adherent cells were removed by inverting the

plate onto a paper tissue. The adherent cells were lysed with 1ml lysis buffer
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(0.1% Triton X-100; 0.1M Tris-Base, pH 8.0) for 2h at room temperature in the
dark. The fluorescence intensity was measured at an excitation of 485nm and
emission of 535nm by a fluorometer using the cut off filter at 520nm. The
adhesion was calculated from standard curves prepared with different cell

densities.

The adhesion of U937 monocytes to ICAM-1 was investigated using direct and
indirect immobilisation of ICAM-1-Fc to 96-well plates. Figure 2.9 shows the
adhesion of U937 monocytes to 96-well plates directly immobilised with various
proteins as indicated in the figure. Both IgG and ICAM-1-Fc at 10pg/ml increased
~ cell adhesion by approximately 30% and 40% respectively compared to BSA
(»<0.001). Pre-incubation of U937 monocytes with 10pug/ml IgG to block the Fc
receptor on monocyte completely prevented the cell adhesion to ICAM-1-Fc. This
suggests that the adhesion of U937 monocytes ICAM-1-Fc is mediated by Fc
receptor expressed on monocytes and this direct immobilisation of ICAM-1-Fc

method is not suitable for investigation of monocytes adhesion to ICAM-1.

Figure 2.10 shows the adhesion of U937 monocytes to 96-well plates by an
indirect coating method which used mouse anti-human Fc mAb (Sigma) to
capture the Fc fragment of ICAM-1-Fc. Incubation of U937 monocytes with
10°M PMA for 24h increased the cell adhesion to ICAM-1 by 2.5-fold compared
resting cells (p<0.001). However, there was no significant difference in adhesion
of resting and PMA-activated U937 monocytes to BSA or IgG coated plates under

the same conditions. Therefore, this indirect coating method was used for in vitro
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monocyte adhesion assay.
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Figure 2.9 Resting U937 monocyte adhesion to 96-well plates directly coated
with ICAM-1-Fec. 96-well plates were coated with 1%BSA, carbonate coating
buffer, ICAM-1-F¢ (10pg/ml), human IgG (10pg/ml), ICAM-1-Fc¢ (10pg/ml)
overnight at 4°C and blocked with 1% BSA for lh at 37°C. Resting U937
monocytes (100pl, 5x10°/ml) labelled with 10pg/ml BCECF-AM with and
without blocking of Fc receptor with human IgG (10pg/ml) for 10min was added
to each well and incubated for 30min at 37°C. The adhesion assay was carried out
according to section 2.11.2, Data are mean+SEM of 3 independent experiments
performed in triplicate. *** p<0.001.
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Figure 2.10 Resting and PMA-activated U937 monocyte adhesion to 96-well
plates indirectly coated with ICAM-1-Fe. 96-well plates were coated with
mouse anti-human IgG (Fc specific) monoclonal antibody (20pg/ml, 50ul/well)
overnight at 4°C. After washing and blocking with 1% BSA for 1h at 37°C, the
plates were incubated with 1% BSA, ICAM-1-Fc (1pg/ml), human IgG (1pg/ml)
for 2h at 37°C and the plates were further blocked with 1% BSA for 1h at 37°C.
Resting and PMA-activated U937 (10° M PMA, 24h) monocytes (100ul, 5
x10°/ml) labelled with 10pg/ml BCECF-AM were added to each well and
incubated for 30min at 37°C. The adhesion assay was carried out according to
section 2.11.2, Data are mean+SEM of 3 independent experiments performed in
triplicate. *** p<0.001. NS: non significant.

2.12 Bicinchoninic acid (BCA) protein assay

Materials
Protein BSA standard (1mg/ml), Bicinchoninic acid reagent solution, 4% Copper

(II) sulphate solution were from Sigma (Poole, Dorset, UK).

Principles

The BCA assay is based on the formation of a Cu?*-protein complex under
alkaline conditions by BCA solution (a highly alkaline solution with a pH 11.25

and contains bicinchoninic acid, sodium carbonate, sodium bicarbonate, sodium

99



tartrate and cupric sulfate pentahydrate), followed by reduction of the Cu?* to Cu'".
The amount of reduction is proportional to the protein present. Then two
molecules of bicinchoninic acid chelate with each Cu'* ion, forming a

purple-colored product that absorbs light at a wavelength of 562 nm.

Methods

Protein samples (10u1) or BSA standard (0, 2, 4, 6, 8 and10pl of BSA plus 10, 8, 6,
4, 2, 0pl of dH,0) was added to each well in 96-well plates in triplicate. Each well
was then incubated with 200p] cupper sulphate-bicinchoninic acid mix solutions
(1:50 v/v) for 30min at 37°C. The absorbance was read at 570nm and protein

concentrations were determined from a BSA standard curve.

2.13 Caspase-3 activity assay

Materials

Buffer A (lysis buffer): 10mM Tris-HCI pH 7.5, 130mM NaCl, 1% TritonX-100,
10mM NaH;PO4, 0.4mM PMSF, 0.2mM NaF, 0.2mM Na;VO4 0.3mg/ml
leupeptin.

Buffer B: 20mM HEPES pH 7.8, 10% glycerol, 2mM DTT

Caspase-3 substrate II: Ac-DEVD-AMC (Merk Calbiochem, Nottingham, UK)

Principles

Caspase-3 is an intracellular cysteine protease that exists as a proenzyme, becoming

activated during the cascade of events associated with apoptosis. Caspase-3 cleaves
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a variety of cellular molecules that contain the amino acid motif. Caspase-3 activity
analysis is based on the hydrolysis of acetyl Aspartic acid-Glutamic
acid-Valine-Aspartic acid 7-amido-4-methylcoumarin (Ac-DEVD-AMC) by
caspase 3, resulting in the release of the fluorophore 7-amino-4-methylcoumarin
(AMC). The maximum excitation and emission wavelengths of AMC are 360 nm

and 460 nm respectively.

Methods

THP-1 or L6 cells were collected after various treatments by centrifugation in
conical tubes at 250xg for Smin and washed once with ice-cold PBS. Cell pellets
(10° cells) were incubated with 1001 lysis buffer with 10pl freshly added protease
inhibitor cocktail (Sigma) on ice for 30min. After centrifugation at 14, 000xg for
30sec, supernatants (containing caspase-3) were collected and were used for BCA
protein assay. The caspase-3 assay was performed in 96-well plates. After adding
175ul buffer B and 25pl of supernatant in each well, the caspase-3 assay was
started by incubating with 50pl caspase-3 substrate Ac-DEVD-AMC (25uM)
overnight at room temperature in the dark. The fluorescence intensity of the
proteolytic cleavage product of the substrate was measured by a fluorescence
microplate reader (SpectraMax; Molecular Devices, Corp., Sunnyvale, CA) using
an excitation wavelength of 380 nm and an. emission wavelength of 460 nm with
the cut off filter at 455nm. Caspase-3 activity was calculated as fluorescence

intensity/mg protein and data were expressed as fold change over control.
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2.14 Cell viability assay

2.14.1 Trypan blue exclusion assay
Materials
0.4% trypan blue solution (Sigma); Haemocytometer (Weber Scientific

International Ltd, UK)

Principles

The trypan blue exclusion method is the most basic, simple and quick method for
differentiating live and dead cells in cell biology. Trypan blue is a dye which
indicates cell membrane integrity. Dead cells lose cell membrane integrity so that
the dye can be taken up and become blue. Live cells have intact cell membranes,
therefore, the dye can not be taken up and cells show bright under light

microscopy.

Methods

Cell suspension (15pl) was mixed with 0.4% trypan blue solutions (15ul) and
10u! of the mixture was inserted to each chamber of a haemocytometer. The dead
cells show blue while live cells show bright. The live cells numbers and dead cells
numbers were counted and the cell viability was expressed as percentage of total

cells.
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2.14.2 MTT assay

Materials

3-(4, 5 dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium (MTT) was from Sigma.
Dimethylformamide (DMF) and glacial acetic acid were from Fisher Scientific

(Loughborough, Leicestershire, UK).

MTT solution (Smg/ml) was prepared in 0.15M PBS and filtered (0.2um) before
use.
Lysis buffer: 20% SDS in DMF (50%), dH,O (50%), pH was adjusted to 4.7 with

2% glacial acetic acid.

Principles

The MTT assay is a standard colorimetric assay and measures mitochondrial
reducing capacity. The MTT salt can only be taken up and reduced by
mitochondrial succinate dehydrogenase which generates a purple colour formazan
product (Mossman, 1983). This product can not pass through the cell plasma
membrane. Therefore by lysing the cells, the formazan product can be solubilised
and can be read and quantified by a colorimetric method. The ability of cells to
reduce MTT réprcscnts mitochondrial reducing capacity which may be interpreted
as a measure of viability and/or live cell numbers. Since there is a linear
relationship between live cell numbers and the absorbance, the effect of treatment

on cell viability can be determined by comparing with control cells.
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Methods

2.14.2.1 MTT assay for U937 and THP-1 cells

Two hours prior to completion of each experiment, U937 or THP-1 cell
suspensions (100p!) in 96-well plates were incubated with 25u1 MTT solution
(5mg/ml) for a further 2 hours at 37°C 5% CO,. Lysis buffer (100pl) was then
added to each well and the plates were incubated for a further 16h at 37°C in a
humidified 5% CO, air incubator. The absorbance of each well was read at 570nm
using an MRX Microplate reader. Blank wells contained RPMI 1640 medium

without cells.

2.14.2.2 MTT assay for L6 myotubes

The medium from treated and control L6 myotubes in 24-well plates was removed
and replaced with 0.5 ml fresh DMEM with 0.5% FBS. Cells were incubated with
100u!l MTT solution (5Smg/ml) for 4h at 37°C. Lysis buffer (100ul) was added to
each well and the plates were incubated for a further 16h at 37°C in a humidified
5% CO; air incubator. The absorbance was read at 570 nm using an MRX

Microplate reader. Blank wells contained DMEM without cells.

2.14.3 Flow cytometric analysis of cell viability of mononuclear cells.

Materials

Propidium iodide (PI) solution (25pg/ml in 0.1%BSA in PBS)
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Principle

Pl is a fluorescent dye which can be taken up by cells losing membrane integrity
such as cells undergoing apoptosis or necrosis. The viable cells with intact
membrane do not take up the dye. Therefore, cell viability can be measured by
using flow cytometry. Cell size can also be determined simultaneously by forward
light scatter (FS). It has been reported that cells undergoing apoptosis display a
characteristic shrinking of the cells whereas cells undergoing necrosis show
swelling of the cells (Papucci et al., 2004). Therefore, the dual parameter
histogram of FS and Log FL3 (PI) can be used to distinguish the viable and dead
cells. Apoptotic cells are displayed as low FS and high PI fluorescence and

necrotic cells are displayed as high FS and high PI fluorescence.

Methods

U937, THP-1, or MNC (10%ml) was incubated with PI solution (25pg/ml in 0.1%
BSA in PBS) for 15min on ice in the dark. After that, cells were immediately
analysed by flow cytometry. As shown in Figure 2.11, viable cells exclude the
uptake of PI and were shown in the PI negative regions (R1 and R3). Apoptotic
cells are displayed as low FS and high PI fluorescence (R4) and necrotic cells are

displayed as high FS and high PI fluorescence (R2).
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Figure 2.11 Cell viability assay by flow cytometry. MNC cells were stained
with 25pg/ml PI for 15min on ice in the dark. Cell viability was determined
according to forward scatter and PI staining. Cells in R1 and R3 regions are viable
cells with intact cell membrane shown as low PI fluorescence; cells in R2 region
are necrotic cells shown as high FS and high PI fluorescence; cells in R4 region
are apoptotic cells shown as low FS and high PI fluorescence. The number of cells
in each region was displayed as % of total cells and the cell viability was
determined by % of total cells in R1 plus R3.

2.15 Statistical analysis

Data are expressed as mean = SEM. Statistical analyses were performed by
one-way ANOVA with Tukey-Kramer post hoc tests. The detailed statistical and
data analysis are provide in each individual chapter. A p value less than 0.05 was

considered significant,
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Chapter 3

Palmitate-induced insulin resistance in

monocytes
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3.1 Preface

This chapter describes an investigation of palmitate effects on insulin sensitivity .
in monocytes. Initial experiments were carried out to characterise the effects of
serum starvation, insulin concentration and incubation time on insulin stimulation
of glucose uptake by monocytes (U937 and THP-1 monocytes). Subsequent
experiments were conducted to investigate the concentration and the time course
of the effect of palmitate on insulin sensitivity in THP-1 monocytes. Finally,
potential mechanisms (e.g. via ceramide and/or ROS) of palmitate-induced insulin

resistance and the effect of oleate on this action of palmitate were examined.

3.2 Introduction

Insulin resistance is a state of reduced responsiveness of tissues such as liver;
skeletal muscle, and adipose tissue to the action of insulin. The major metabolic
and systemic changes associated with insulin resistance are displayed by a group
of disorders including type 2 diabetes, hypertension, hyperlipidemia, central

obesity, atherosclerotic heart disease, and other abnormalities.

As insulin resistance plays a central role in the development of above metabolic
abnormalities, lack of sensitivity to insulin has been assessed widely using in vitro
and in vivo models. The most common in vitro method for evaluation of insulin
sensitivity is comparing insulin-stimulated glucose uptake in insulin responsive
tissues such as skeletal muscle and adipose tissue to basal glucose uptake (without
insulin stimulation). In this way, the metabolic effect of insulin on glucose

metabolism in these tissues can be assessed from a concentration-response curve
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constructed from a series of physiological and supra-physiological concentrations
of insulin (10"2-10'6M). The effect of insulin on glucose metabolism is mainly
through its ability to regulate the trafficking of glucose transporters in insulin
targeting tissues such as skeletal muscles and adipose tissue. Glucose transporter 1
(GLUT1) is mainly responsible for the glucose uptake during non-insulin
stimulated conditions whereas glucose transporter 4 (GLUT4) mediated the
insulin-stimulated glucose uptake. Insulin can increase the glucose uptake within
a short time (a few minutes) by promoting the rapid translocation of intracellular
GLUT#4 storage vesicles to the cell membrane (Bell et al., 1990). In addition,
insulin exerts its effect on glucose transport through a long-term regulation of
glucose transporter protein synthesis and degradation. It has been reported that the
continuous insulin stimulation of 3T3-L1 adipocytes induced an increased rate of
synthesis of GLUT1 and GLUT4 (Sargeant and Paquet, 1993). The methods for
the determination of insulin resistance in vivo are much more diverse and
complicated. Some studies have described increased plasma insulin levels as a
marker of insulin resistance and as an independent predictor of Type 2 diabetes
(Samaras et al., 2006). However, the most two accurate and reproducible methods
for measuring insulin resistance are the euglycaemic hyperinsulinaemic clamp and
the intravenous glucose tolerance test with minimal model analysis (Bergman et

al., 1979).
Although the precise mechanism of insulin resistance in still not clear, the role of

increased plasma free fatty acids has been strongly implicated in the pathogenesis

of insulin resistance. Several in vivo lipid-infusion studies in humans and animals
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have consistently showed that increasing plasma free fatty acids levels for 3-5h
causes both whole body and peripheral tissue insulin resistance (Boden, 1994;
Jucker et al., 1997; Park et al.,, 1998; Dresner et al., 1999; Griffin et al., 1999).
Further studies using cultured rat L6 skeletal muscle cells and 3T3-adipocytes and
high-fat-diet fed rats have suggested that the saturated fatty acid palmitate was the
main contributor to insulin resistance compared to unsaturated fatty acids (Sinha
et al., 2004; Hunnicutt et al., 1994; Jong et al., 2006). Furthermore, a recent study
using rats administered intraperitoneally with palmitic acid reported a delay in
response to insulin of glucose metabolism and a defect in early insulin signal
transduction in skeletal muscle, supporting the critical role of palmitate in

inducing whole body and muscle insulin resistance in vivo (Reynoso, 2003).

As one of the intermediate metabolites generated from palmitate, the role of
ceramide in lipid-induced insulin resistance is controversial. In vitro studies have
supported a central role of ceramide mediating palmitate-induced insulin
resistance in muscle cells through its ability to reduce the activation of PKB/Akt,
a kinase that directly regulates the GLUT4 translocation to cell membrane and
glucose uptake (Schmitz-Peiffer et al., 1999, Powell et al., 2004). However,
results from rats infused with a lipid emulsion consisting most of 18:2 fatty acids
for 5h showed a significant reduction in insulin-stimulated glucose transport
activity but lack of changes in ceramide content in skeletal muscles (Yu et al,,
2002). The discrepancies may due to the free fatty acids species used in vitro and

in vivo.
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Circulating monocytes have been reported to have comparable numbers of insulin
receptors on their cell surface compared to classical insulin targeting cells such as
skeletal muscle cells, adipocytes and hepatocytes (Montague, 1983). Previous
studies have demonstrated monocytes rather than lymphocytes were the insulin
binding cells in the circulation and the binding of mdnocy‘tes to insulin was
decreased in obese subjects (Schwartz et al., 1975; Olefsky, 1976). Other studies
also showed that monocytes respond to short term stimulation of physiological
concentrations of insulin (Daneman, 1992; Cutfield et al., 2000; Dimitriadis et al.,
2004). Although skeletal muscle, adipose tissue, and liver are the major sites for
regulating glucose metabolism and maintaining glucose haemostasis in the body,
the difficulty to get access to these tissues for in vitro studies makes them
inconvenient targets to study the mechanism of insulin resistance. Therefore, as a
relatively easily accessible cell type in the human body, monocytes are a potential
useful tool to evaluate insulin resistance and to investigate the underlying
molecular mechanisms of insulin resistance. In addition, the monocyte is a critical

cell in atherogenesis, the principal complication in obesity and Type 2 diabetes.

Therefore, the present study aims to investigate the effect of palmitate on insulin
sensitivity in human monocyte cell lines as cell models and also to investigate the
potential mechanism(s) for any palmitate-mediated changes in glucose

metabolism.
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3.3 Materials and Methods

3.3.1. Cell Culture
U937 and THP-1 monocytes cell culture was carried out according to the method

described in Section 2.2.1.

3.3.2 Cell treatment
Insulin stock solution (10™*M) was prepared by dissolving 5.6mg insulin in 10ml
PBS and filtered through a 0.2um filter. The insulin stock solution was aliquoted,

stored at -20°C and used freshly for each experiment.

To characterise the effect of insulin on monocyte glucose uptake, U937 and
THP-1 cells were incubated with insulin (0, 10, 10®, 107, and 10°M) for various
time periods (6h, 12h, and 24h) in RPMI 1640 supplemented with 10% FBS and
100U/ml penicillin and 100pug/ml streptomycin at 37°C. Insulin concentrations
used from 10°-10M correspond to physiological levels whereas 107-10°M has

been used in in vitro investigations (Dimitriadis et al., 2005).

To investigate the effect of palmitate on inducing insulin resistance in monocytes,
THP-1 cells were incubated with palmitate (0, 50, 150 and 300uM) for various
time periods (0, 2h, 4h, and 6h). Control cells received BSA equivalent to the BSA
present in the cells treated with the highest palmitate concentration (300uM). The
concentration of palmitate chosen are based on the typical plasma free fatty acids

composition in which palmitate or oleate has been reported to be around 30% in
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human plasma. Since the plasma FFA level in insulin resistant conditions are
increased up to ~1000pM from 200-400pM in healthy conditions, therefore,
300uM could represent plasma palmitate or oleate level in insulin resistant
conditions whereas 50uM and 150uM are concentrations representing a healthy

range of plasma palmitate or oleate levels.

3.3.3 2-Deoxy-D-glucose (2-DG) uptake
2-Deoxy-D-glucose uptake into THP-1 monocytes was carried out after various

incubations according to the method described in Section 2.5.

3.3.4 Cell viability assay
MTT assay, PI staining by flow cytometry, and caspase-3 assay were carried out
after various incubations according to section 2.14.2.1, 2.14.3, and 2.13 to test

whether incubation conditions have any adverse effect on cell viability.

3.3.5 Cell membrane extraction

THP-1 cells (6x10°) were collected into 15ml centrifuge tubes and washed twice
with 5ml ice-cold PBS. After re-suspended into 250mM sucrose, 20mM HEPES,
ImM EDTA, 1mM PMSF buffer, cell suspensions were sonicated three times in
an ice bath. The cell homogenate was then centrifuged at 900xg for 10min at 4°C,
and the supernatant was centrifuged at 100,000xg for 1h at 4°C. The high speed
pellets were then re-suspended in 0.2-0.3ml of 20mM Hepes, ImM EDTA, and

ImM PMSF by gentle pipetting.
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3.3.6 Western blot analysis for glucose transporters

SDS-PAGE and Western blot analysis were carried out according to methods
described in Section 2.8 to characterise the glucose transporters in both the whole
cell lysates and membrane extractions in THP-1 monocytes with and without
10°M insulin stimulation for 12h. In brief, the cell lysates and extracted
membrane proteins (50pg/lane) were subjected to SDS-PAGE on 10% gel.
Glucose transporter isoforms were detected by immunoblotting using polyclonal
rabbit anti-GLUT1 (1:1000), anti-GLUT3 (1:1000), anti-GLUT4 (1:1000) (Merk
Calbiochem, Nottingham, UK); secondary mouse anti-rabbit conjugated with HRP
(1:4000) (Sigma, Dorset, UK); and the protein bands were visualised by ECL plus

kit (GE Healthcare).

3.3.7 Intracellular reactive oxygen species (ROS) determination

THP-1 monocytes were incubated with 300pM palmitate for 0-6h at 37°C and
then analysed by flow cytometry for intracellular ROS levels using the peroxide
sensitive permeable dye dihydrodicholorofluorescein diacetate (DCF-DA) as

described in Section 2.10.

3.3.8 Statistical analysis

Data are expressed as mean + SEM of at least three independent experiments, and
2-deoxy-D-glucose uptake is expressed as percentage compared with control
(100%). Statistical analyses were performed by one-way ANOVA with

Tukey-Kramer post hoc tests. A p value less than 0.05 was considered significant.
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3.4 Results

3.4.1 Characterisation of monocytes in response to insulin

Human U937 and THP-1 monocytic cell lines were chosen for studying insulin
sensitivity in monocytes as they have been extensively characterised for their
function as human monocytes (Auwerx, 1991). The effect of insulin on monocytes
was determined by in vitro uptake of 2-deoxy-D-glucose and characterised by
requirement for serum starvation, insulin conc2entration and stimulation time

periods.

3.4.1.1 Insulin increases glucose uptake in THP-1 but not U937 monocytes
and this effect does not require serum starvation.

After 12h incubation with 107M insulin, THP-1 monocytes showed an
approximate 30% increase in glucose uptake compared to control cells without
insulin stimulation (p<0.001; DPM 1792 £ 57.69 versus 1362 + 5.53). This
increase remained at a similar level after increasing the insulin concentration to
10°M (p<0.001). However, there was no difference between insulin-stimulated
glucose uptake and basal glucose uptake in U937 monocytes incubated with any
of the insulin concentrations tested (Fig.3.1). Therefore, THP-1 monocytes were
chosen for subsequent experiments to investigate the development of insulin

resistance monocytes.

In vitro studies using skeletal muscle cells and adipocytes showed that serum

starvation increased insulin-stimulated glucose uptake by deactivating basal
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GLUT4 level on adipocytes membrane (Garvey et al., 1987) and increasing the
binding of skeletal muscle cells to insulin (Brady et al,, 1981). Therefore, the
effect of serum starvation was also investigated in monocytes. THP-1 monocytes
were incubated in RPMI 1640 medium supplemented with FBS concentrations
from 1% to 10% for 4h at 37°C followed by a further incubation with 10°M

insulin for 12h.

As shown in Figure 3.2, there was approximately a 30% increase in glucose
uptake after insulin stimulation in THP-1 monocytes incubated in medium
supplemented with 10% FBS. However, reducing FBS concentration from 10% to
lower concentrations (5%, 2% and 1%) did not additionally increase
insulin-stimulated glucose uptake (p>0.05). Therefore, in the subsequent
experiments, 10% FBS was used in the cell incubation medium for evaluating the

effects of insulin on glucose uptake in THP-1 monocytes.
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Figure 3.1 Insulin-stimulated 2-deoxy-D-glucose (2-DG) uptake into U937
and THP-1 monocytes. U937 and THP-1 monocytes were seeded at 10%ml in
24-well plates and incubated with insulin (10°-10°M) for 12h at 37°C. 2-DG
uptake was determined after completion of incubation. Data are mean+SEM of 3
independent experiments performed in triplicate. *** p<0.001 compared to U937
monocytes.
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Figure 3.2 Effect of foetal bovine serum (FBS) on insulin-stimulated glucose
uptake by THP-1 monocytes. THP-1 monocytes were incubated with different
concentrations of FBS (1%, 2%, 5% and 10%) for 4h, and then stimulated with
10°M insulin for 12h. 2-deoxy-D-glucose uptake was measured after completion

of incubation. Data are mean+SEM of 3 independent experiments performed in
triplicate.
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3.4.1.2 Insulin increases glucose uptake by THP-1 monocytes in a
concentration and time dependent manner.

The effects of insulin on stimulating glucose uptake in THP-1 monocytes were
investigated by incubating these cells with 10°M insulin for various time periods
(0-36h) and by incubating with increasing concentrations of insulin (10°-10° M)

for 12h.

As shown in Figure 3.3 A, after various time periods incubation without and with
insulin, the basal and insulin-stimulated glucose uptake in THP-1 monocytes
showed a similar pattern with a rapid increase in glucose uptake from 6h tol2h,
then a slight increase to 24h and a mild decline to 36h. Compared to basal glucose
uptake, the insulin-stimulated glucose uptake in THP-1 monocytes was not
evident at 6h incubation (p>0.05), but there was a significant approximate 30%
increase observed after 12h incubation and this effect was maintained until 36h

incubation (p<0.01).

Insulin is an important growth hormone and long term incubation with insulin has
been shown to stimulate cell differentiation and proliferation of various cell types
(Hainque, 1990). To exclude the possibility that the increase in insulin-stimulated
glucose uptake is due to an effect of insulin on THP-1 monocyte proliferation, the
MTT assay was carried out to evaluate the mitochondrial activity of cell as a
measure of cell number with insulin incubation after various time periods. As
shown in Figure 3.3 B, overall, there was a gradual increase in mitochondrial

reductive activity in cells without insulin and with insulin from 6h to 36h
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incubation. This effect was not significantly different in cells after 6h and 12h
incubation compared to Oh (p>0.05). However, cells incubated with insulin
showed a significant increase in mitochondrial reductive activity at 24h and 36h
incubation compared with cells incubated without insulin (p<0.01). Therefore,
12h was chosen to investigate the concentration effect of insulin on glucose
uptake in THP-1 monocytes in order to avoid any effect from increase in viable

cell numbers after insulin stimulation.

Subsequently, the effect of insulin on glucose uptake in THP-1 monocytes was
tested with a range of insulin concentrations from 107'°M to 10°M. As shown in
Figure 3.3 C, compared to basal glucose uptake, there was no significant increase
in glucose uptake at insulin concentrations of 10'°M and 10°M (»>0.05); the
increase in insulin-stimulated glucose uptake was observed at 10°M with a
maximal increase to approximate 30% at 10°M insulin; increasing insulin
concentration further to 10°M did not show an additional increase but a

significant reduction in glucose uptake (p<0.01).

Thus, insulin at 10°M for 12h incubation caused the maximal uptake of glucose
and this condition was used for subsequent experiments to investigate

palmitate-induced insulin resistance in THP-1 monocytes.
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Figure 3.3 Effect of insulin on glucose uptake by THP-1 monocytes. THP-1
cells were seeded at 10%/ml in 24-well plates and incubated with insulin (10°M)
for 6-36h (A) or with insulin (10"%10°M) for 12h (C) at 37°C.
2-deoxy-D-glucose (2-DG) uptake was carried out after completion of incubation.
MTT assay as a measurement of viable cell numbers was conducted after
incubating THP-1 monocytes with 10°M insulin for 6-36h (B). Data are
mean+SEM of 3 independent experiments performed in triplicate. Controls are
cells incubated with PBS without insulin stimulation. ** p <0.01 compared with
THP-1 cells without insulin stimulation (A and B). **p<0.01, *** p<0.001
compared with control (C).
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3.4.1.3 Basal and insulin-stimulated glucose uptake is mediated by glucose
transporters.

Glucose transporters are a family of transmembrane proteins responsible for the
uptake of glucose in most cells. The classical insulin-responsive type of glucose
transporters are GLUT4 which are stored in intracellular vesicles and rapidly
migrate to the cell membrane in response to insulin stimulation. GLUT4 is the
major glucose transporter for skeletal muscles and adipocytes. Compared to
GLUT 4, GLUT]1 is widely expressed in various tissues and generally considered
responsible for basal glucose uptake. GLUT3 is mainly expressed in liver, small

intestine and neurons. (Reviewed by Medina and Owen, 2002)

To confirm that the increased glucose uptake after 10°M insulin for 12h by THP-1
monocytes is attributed to glucose transporters, cytochalasin B, a cytoskeletal
inhibitor which will prevent glucose transporter mobilisation to the membrane,

was used during the 10min measurement of glucose uptake.

As has shown in Figure 3.4 A, THP-1 monocytes incubated with insulin at 10°M
insulin for 12h caused a significant approximate 30% increase in glucose uptake
compared to control (p<0.001). With the addition of 10uM cytochalasin B to the
2-deoxy-D-glucose uptake buffer, there was more than 80% reduction in glucose
uptake in both control and insulin-stimulated cells, and the increase in
insulin-stimulated glucose uptake was completely abolished. In order to exclude
the possibility that the loss of cell protein content may contribute to the reduction

in glucose uptake caused by cytochalasin B, the BCA protein assay was carried
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out in the cell lysates after glucose uptake. As shown in Figure 3.4 B, there was no
significant difference in total protein content between cell lysates without and
with the addition of cytochalasin B (p>0.05), indicating the inhibition of basal and
insulin-stimulated glucose uptake by cytochalasin B treatment was not related to
cell viability loss. Together, these data indicate that the glucose transporters were

responsible for basal and insulin-stimulated glucose uptake in THP-1 monocytes.

It has been reported in the literature that long term insulin stimulation promotes
glucose transporter gene expression in adipocytes (Hajduch et al., 1995) and
muscle (Holméng et al., 1995). Therefore, cycloheximide, a non-specific protein
synthesis inhibitor, was wused to examine whether the increase in
insulin-stimulated glucose uptake in THP-1 monocytes is due to the increase in
protein synthesis by insulin. As shown in Figure 3.5 A, co-incubation of THP-1
monocytes with cycloheximide (0.1-10uM) for 12h in the presence of 10°M
insulin significantly reduced more than 50% of both basal and insulin-stimulated
glucose uptake and also abolished the increase in insulin-stimulated glucose
uptake. The cell viability measured in parallel experiments showed that
cycloheximide at concentrations of 0.1uM and 0.5uM did not exert any adverse
effect on THP-1 monocytes cell viability, although there was a slight reduction in
cell viability at 5pM and 10uM cycloheximide (Fig 3.5 B). These data suggest
that protein synthesis is involved in the insulin-stimulated glucose uptake in

THP-1 monocytes.

To further examine the role of glucose transporters in mediating the
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insulin-stimulated glucose uptake in THP-1 monocytes, SDS-PAGE and Western
blot was carried out in both whole cell lysates and membrane extractions after
stimulation with 10°M insulin for 12h. As shown in Figure 3.6, THP-1 monocytes
express GLUT1 and GLUT3 as detected in both the whole cell lysates and
membrane extractions. The expression of GLUT4 is not detectable in THP-1
monocytes; expression of GLUT4 in L6 skeletal muscle cells is shown as a
positive control. Therefore, these data may suggest that the increase in

insulin-stimulated glucose uptake is associated with GLUT1 and/or GLUT3.

»>
=
g

=]
E
e P . = NS
— et §0%
SE 10 §
« '
38 £0s
NS 3
8% ¥ e 2
&5 o
0- 0.0
Ins - + + . ) - )
OfechedesinB - -+ + OviocheksinB - - +

Figure 3.4 Cytochalasin B inhibits basal and insulin stimulated glucose
uptake (A) and does not affect total protein levels (B) in THP-1 monocytes.
THP-1 cells (2x10%/ml) were incubated with insulin (Ins) (10°M) for 12h at 37°C.
2-deoxy-D-glucose (2-DG) in THP-1 cells was carried out for 10min at room
temperature with and without 10uM cytochalasin B. After lysing cells with 1M
NaOH, the total protein content in cell lysates was determine by BCA protein
assay. Data are mean+SEM of 3 independent experiments performed in triplicate.
**¥p<0.001. NS: non significant.
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Figure 3.5 Effect of cycloheximide (ChX) on glucose uptake by THP-1
monocytes (A) and cell viability (B). THP-1 cells (10 ®/ml) were incubated with
various concentrations of cycloheximide (ChX) (0.1-10uM) with and without
insulin (Ins) (10°M) for 12h at 37°C. 2-deoxy-D-glucose (2-DG) uptake and cell
viability measured by MTT assay were carried out after completion of incubation.
Data are mean+SEM of 3 independent experiments performed in triplicate.
***p<0.001. NS: non significant.
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Figure 3.6 Western blot analysis for glucose transporters in THP-1 monocytes.
THP I cells (10°/ml) were incubated with 10°M insulin for 12h at 37°C. Whole
cell lysates and extracted membrane proteins (50ug/lane) were prepared and
separated by 10% SDS-PAGE and detected by anti-GLUT1, anti-GLUT3, and
anti-GLUT4 as described in the Section 3.3.5. A: presence of GLUTlin THP-1
whole cell lysates and membrane fractions. B: presence of GLUT3 in THP-1
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whole cell lysates and membrane fractions. C: presence of GLUT4 in L6 whole
cell lysates but not in THP-1 cell lysates.

3.4.2 Palmitate induces insulin resistance in THP-1 monocytes in a time and
concentration dependent manner.

To investigate the effect of palmitate on inducing insulin resistance in THP-1
monocytes, initial experiments were carried out to evaluate the time course of

palmitate uptake by THP-1 monocytes and any toxicity of palmitate.

The uptake and accumulation of palmitate in THP-1 monocytes was determined
by incubating cells with RPMI 1640 medium (10% FBS) supplemented 0.1uCi/ml
[’H]-palmitic acid in the presence 100pM palmitate bound to BSA with a final
molar ratio 2:1. The data were expressed as the percentage of cell-associated
radioactivity of the total radioactivity (radioactivity in cell lysates and
supernatants). As shown in Figure 3.7, the uptake of palmitic acid was rapid over
12h with maximum uptake at 24h and then maintained at a similar level at 48h
and 72h. There was over 50% uptake after 6h incubation and around 90% uptake

. after 24h incubation (p<0.001).

Palmitate-induced toxicity has been reported in several different cell types such as
pancreatic B cells (Cnop et al.,, 2001) and cardiomyocytes (Hickson-Bick et al.,
2002). The effect of palmitate on monocyte cell viability was investigated in
THP-1 monocytes incubated with 50, 150 and 300pM palmitate for 24h using the
MTT assay. Cells were treated with BSA alone as controls. The data were

expressed as % of control cells. As shown in Figure 3.8, 50uM palmitate did not
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have any significant effect on THP-1 cell viability whereas 150uM and 300uM
palmitate caused a rapid and time dependent decrease in cell viability. There was a
significant decrease in cell viability at 8h and with further decrease at 24h in both
150pM and 300uM palmitate treatments (p<0.01). Further analysis of cell
viability by caspase 3 activity assay and propidium iodide staining consistently
showed that 300uM palmitate for 6h treatment did not cause significant apoptosis

to THP-1 monocytes (Fig. 3.9 A, B, and C).

Therefore, the effect of palmitate on glucose uptake was investigated within 6h in

the subsequent experiments in order to prevent significant cell loss.

The effect of palmitate-induced insulin resistance in monocytes was carried out by
incubating THP-1 cells with 10° M insulin for 12h during which 300uM palmitate
was added for the last 2h, 4h and 6h or 50-300uM palmitate were added for the
last 6h. Justifications of insulin and palmitate concentrations are presented in
Section 3.3.2. As shown in Figure 3.10A, there was a time dependent decrease in
insulin-stimulated glucose uptake in THP-1 monocytes after incubation with
300uM palmitate. There was no significant effect of 300uM palmitate on basal
glucose uptake in THP-1 monocytes up to 6h incubation. However, the reduction
in insulin-stimulated glucose uptake was evident at 2h (p<0.05) and
insulin-stimulated glucose uptake was almost completely abolished at 6h

(p<0.001).

Therefore, based on the above data, the effect of palmitate concentrations on basal
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and insulin-stimulated glucose uptake in monocytes was studied using 6h
incubation. As shown in Figure 3.10 B insulin-stimulated glucose uptake was not
affected by SOuM palmitate (p>0.05). Increasing the palmitate concentration to
150uM caused a significant reduction in insulin-stimulated glucose uptake
compared to cells without insulin stimulation (p<0.001). Palmitate (300uM)
completely abolished the increase in insulin-stimulated glucose uptake.

(101+4.9% versus 134.1+2.9%, p<0.001).

Taken together, the data show that co-incubation with 300pM palmitate for 6h
causes insulin resistance in human THP-1 monocytes and this effect is not

associated with palmitate toxicity.
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Figure 3.7 Time course of palmitate uptake by THP-1 monocytes. THP-1 cells
(10°/ml) were seeded into 12-well plates with 0.1uCi/ml of H-palmitic acid and
100uM unlabeled palmitate conjugated to albumin for various time points (0-72h).
The percentage of uptake of palmitate by cells was determined by cell specific
radioactivity relative to radioactivity in supernatants. Data are from 3 independent
experiments performed in triplicate and are expressed as mean+SEM.
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Figure 3.8 Effect of time and concentration of palmitate on THP-1 cell
viability. THP-1 cells (10°/ml) were incubated with palmitate (50,150,300uM) for
different time point (0-24h). Cell viability was determined by the MTT assay.
Controls are cells incubated with BSA. Data are from 4 independent experiments

performed in triplicate. * P<0.01 represents 300uM palmitate compared to 50 and
150pM palmitate or controls.
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Figure 3.9 Effect of palmitate on THP-1 cell viability. A: THP-1 cells (10%ml)
in 6-well plates were incubated with 300pM palmitate for 2-6h at 37°C.
Caspase-3 activity was analysed in cell lysates prepared at each time point. B-D:
THP-1 monocytes (10%ml) in 24-well plates were incubated with 300uM
palmitate for 6h at 37°C. Cell viability was analysed at the end of each experiment
by incubating cells with 25ug/ml PI for 15min at room temperature. Controls are
cells incubated with BSA. Data are mean+SEM of 3 independent experiments
performed in duplicate. NS: non significant.
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Figure 3.10 Effect of palmitate (Pa) incubation time (A) and (B)
concentration on glucose uptake by THP-1 monocytes. THP-1 cells (10%ml) in
24-well plates were incubated with 10® M insulin for 12h at 37°C during which
300uM palmitate was added for the last 2h, 4h, and 6h incubation (A) or various
concentrations of palmitate (50-300uM) was added for the last 6h (B). Controls
are THP-1 monocytes incubated with BSA. 2-deoxy-D-glucose (2-DG) uptake
was carried out after completion of incubation. Data are meantSEM of 3
independent experiments performed in ftriplicate. *p<0.05, ** p<0.01, ***
p<0.001.
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3.4.3 Palmitate-induced insulin resistance in THP-1 monocytes is not
reversible.

To investigate whether the palmitate-induced insulin resistance in monocytes can
be reversed, THP-1 monocytes were first incubated with and without 10°M
insulin for 12h during which 300uM palmitate was added at the last 6h. Then the
medium was replaced with fresh RPMI 1640 and the cells were incubated in this
fresh medium for another 24h and 48h before being stimulated with and without
10°M insulin for a further 12h (Fig. 3.11). The basal and insulin-stimulated

glucose uptake was determined after the completion of incubation.

As shown in Figure 3.12 A and B, 12h treatment with insulin caused
approximately a 30% increase in glucose uptake in BSA-treated cells while
300pM palmitate almost completely abolished this effect. Replacing cell
incubation medium after 12h of insulin stimulation with fresh medium for a
further 24h and 48h (washout 24h and washout 48h), the insulin-stimulated
glucose uptake in BSA-treated cells still remained significantly increased
compared to BSA-treated cells without insulin stimulation. However, cells
incubated with 300pM palmitate did not show any significant increase in

insulin-stimulated glucose uptake.
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