CHAPTER TWO

LITERATURE REVIEW

2.1  Human Cholesterol Metabolism

Cholesterol is a rigid, hydrophobic molecule thateg integrity to the structure of
plasma membranes of vertebrate cells for the pr@gstablishment of membrane
permeability and fluidity (Albertgt al., 1994; Radeet al., 2003). Despite its popular
image as a potent enemy of health and longevityleskerol is actually an important
substance that performs many vital functions intbey. Cholesterol is required for the
synthesis of bile acids, which are essential ferahsorption of fats (Steinberg, 2006a).
Cholesterol also acts as the precursor for manuiagt steroid hormones such as
testosterone, oestrogen, dihydroepiandrosterorogepterone and cortisol (Hume &
Byod, 1978). Combined with sun exposure, cholekisreequired to produce vitamin
D (Bouillon et al., 1995). Cholesterol plays a crucial role in toefation of the myelin
sheath that surrounds the axons for conductingoomsrympulse at the synapse level
(Goldstein & Brown, 2009; Barres & Smith, 2001) andy even serve as a protective

antioxidant (Giracet al., 1999).

Cells can obtain cholesterol either from de novotlsgsis or from the uptake from
circulating lipoproteins (Lagor & Millar, 2010). Ehtypical human diet contains 200-
500mg of cholesterol. 800-1200mg of daily choledtés derived from bile input and
300mg is from desquamated intestinal epithelialscebome 30-60 % of intestinal
cholesterol is absorbed while daily faecal losslodlesterol is 550mg from bile and

desquamated cells and 250mg is lost as unabsoileedallis (Levyet al., 2007). The



cholesterol biosynthesis takes place mainly inlitter and the central nervous system

(Charlton-Menys & Durrington, 2008).

In the bloodstream of humans and other vertebrakhedesterol, due to its hydrophobic
property, requires transport vesicle to shieldranf the aqueous nature of plasma.
These transport particles are known as lipoprotéihge principal plasma lipoproteins
are chylomicrons, very low density lipoprotein (VL] low density lipoprotein (LDL)
and high density lipoprotein (HDL) (Durrington, Z00The most abundant cholesterol-
carrying lipoprotein in human plasma is LDL withpapximately 70 % of circulating
cholesterol is transported as LDL (Radeal., 2003). Dietary cholesterol has four fates
once it reaches the liver: it can be esterified atoted as cholesteryl esters in
hepatocytes, packed into VLDL particles and sedrétéo plasma, secreted directly

into bile or converted into bile acids and secrei¢a bile.

Dietary cholesterol and triglycerides are packetth\apolipoproteins B48 (ApoB48) in
the enterocytes of small intestines and secreteéd the lymphatic system as
chylomicrons. Once chylomicrons enter the bloodutation, the core triglycerides are
hydrolysed by lipoprotein lipase (LPL) which resuib the formation of chylomicron
remnants. The cholesterol-rich chylomicron remnamésrapidly removed by the liver
by binding to the LDL receptor-like protein (LRPECdoper, 1997). The uptake of
chylomicron remnants by the LRP completes the parisof intestinal cholesterol to
the liver and this pathway is commonly known as é&x®genous pathway. In the
human body, liver is the most LDLR-abundant orgad account for 70 % of the total
LDL clearance in plasma (Spady, 1992; Cooper, 198iQure 2.1.1 illustrates the

cholesterol metabolism in human (adapted from Dasteal., 2009).
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Figure 2.1.1: Overview of cholesterol metabolism ihumans
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The liver exports cholesterol to the tissues and #ecreted into the plasma as VLDL
particles and this pathway is called the endogermatbway (Kwiterovich, 2000).
VLDL secreted into the plasma undergoes similausage of events as chylomicron
which is the removal of the triglyceride core bylLLBb form cholesterol-enriched
VLDL remnant particles. Approximately 50 % of th& ML remnants are cleared from
the circulation by LDL receptor-mediated endocyaosi the liver and the remainder
mature into LDL. An estimated 70 % of circulatind®L is removed from the
circulation after binding to the hepatic LDL recapt(LDLR) via its ligand,
apolipoprotein B-100 (ApoB-100) (Radetral., 2003). Upon binding, the LDL-LDLR
complex is taken up by cells via clathrin-mediagediocytosis and then delivered into
endosomes. In endosomes, the dissociation of LDLR.IBomplex takes place due to
low pH environment that trigger the release of tleeind lipoprotein particles (Brown
et al., 1983). The LDLR is subsequently returned bacth&cell surface in a process
known as receptor recycling (Brown & Goldstein, @8;7Goldsteiret al., 1985; Brown

& Goldstein, 1986; Soutar, 1996). Figure 2.1.2sitates the uptake of LDL particles

by the LDLR.
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Figure 2.1.2: Schematic of the uptake of LDL partites by the LDLR (adapted

from Brown and Goldstein, 1986).
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The low density lipoprotein receptor (LDLR) is thbemary pathway for removal of
cholesterol from the circulation and its activisygoverned by intracellular cholesterol
levels (Slateet al., 1984; Brown & Goldstein, 1986; Goldstein & Browd009). If the
LDL is oxidised, it can enter the macrophage thiotlge scavenger receptors, CD36

and SR-A on the surface of macrophage (KwiterovZ€i90).

2.2 Hypercholesterolaemia

Hypercholesterolemia is a condition characterisgdilgh levels of cholesterol in the
blood. The guidelines of the American Heart Assiimiaand the National Cholesterol
Education Program (NCEP) Adult Treatment Panel(ATP IIl) in 2002, define
hypercholesterolemia as a blood cholesterol conggon of greater than or equal to
6.2mmol/L or 240mg/dL with the desirable cholesteroncentrations are less than
5.2mmol/L or 200mg/dL (Third Report of the Natior@holesterol Education Program
(NCEP) Expert Panel on Detection, Evaluation, anmgaiment of High Blood
Cholesterol in Adults (Adult Treatment Panel llihdl report, 2002). According to
NCEP ATP Il guidelines, all adults aged 20 yeansl above should have a fasting
lipid profile determined at least every 5 yearsagsess the coronary artery disease

(CAD) risk.

There are three major mechanisms that may be rsedpenfor the cause of
hypercholesterolaemia. The first cause is due fectige clearance of LDL by the
LDLR. A reduction in the rate of receptor-mediatbelirance of LDL could result from
an abnormality in LDLR or defective ligands thandbipoorly to the receptors (Brown
& Goldstein, 1986). The second cause of elevatetl iDdue to overproduction of
LDL by the liver (Grundy & Vega, 1990). Increaseéphtic secretion of apoB-

containing lipoproteins and decreased uptake of Mlabd VLDL remnants can also
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contribute to the overproduction of LDL. Finallpw affinity of circulating LDL for

receptor may also lead to hypercholesterolemia §\&@rundy, 1987).

The primary manifestation of hypercholesterolaeimiacreased CAD risk (Lewington
et al., 2007). Accumulating epidemiological studies hahewn a strong relationship
between elevated LDL-c concentrations and CAD evantd CAD mortality rates and
identified LDL-c concentration as a primary targeft therapy in patients with
hypercholesterolaemia (Andersehal., 1987; Vegeet al., 1991; Stamleet al., 2000;

Loriaet al., 2007).

Figure 2.2.1 illustrates the curvilinear relatiopshetween cholesterol concentrations
and relative risk of CAD mortality in three largehorts of young men from Chicago
Heart Association Detection Project in Industry @HChicago Peoples Gas Company
(CP) and Multiple Risk Factor Intervention Trial R#IT) (Stamleret al., 2000). This

implies that most individuals are likely to bendéfadm LDL-c levels reduction.
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Figure 2.2.1: Relative risk of coronary artery disase mortality versus baseline
serum cholesterol concentrations. (adapted from Staler et al., 2000). CHA —
Chicago Heart Association Detection Project in Indstry, PG — Chicago People
Gas Company, MRFIT — Multiple Risk Factor Intervention Trial.
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Hypercholesterolaemias are classified as eithemay hypercholesterolaemia,
comprising a group of genetically determined disosd or secondary

hypercholesterolaemia, in which the abnormalitiee the result of an acquired
condition (Marshall, 2000). Primary hypercholeskeemia is attributed by hereditary
genetic defects and environmental factors suchgisfat diet, obesity, lack of physical

activity and inactive life style (Durrington, 2003 rimary hypercholesterolaemia is a
relatively common condition that has been assatiatéth the development of

atherosclerosis and premature CAD (Ose, 2002). stifbstantially increased risk of
CAD associated with primary hypercholesterolaeméas wecorded even before lipid
lowering drugs were widely available (Jenstral., 1967; Slack, 1969; Storet al.,

1974; Beaumondt al., 1976; Heiberg, 1975).

Hypercholesterolaemia does not lead to specificsighy symptoms unless it has
developed over a long period of time (DurringtonQ02). Some types of
hypercholesterolaemia such as Familial Hyperchetektemia, lead to specific
physical presentations. Among the observed physgiegentations are thickening and
deposition of cholesterol within tendon (tendon tk@amata), cholesterol deposits
around the eyelids (xanthelasma) and cholestefiiration around the corneal rim
(corneal arcus) (Yuaret al., 2006). Longstanding hypercholesterolaemia letads
accelerated atherosclerosis and this can expresi$ ih a number of complications
such as angina pectoris, myocardial infarctiorpk&trand peripheral vascular disease

(Grundyet al., 1998).

Management of hypercholesterolaemia is targetingdoce LDL-c concentrations and
can be achieved by lifestyle modifications combineith the use of lipid-lowering

drugs (Bhatnagaet al., 2008). Lifestyle modifications such as smokirgssation,
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decreasing alcohol consumption, increasing physacélities, weight loss program
and low saturated fat diet regime will all conttiuto the lowering of LDL-c

concentrations (Vogel, 1998).

According to the NCEP ATP Il and American HeartsAsiation guidelines, dietary
modifications and other lifestyle changes are revemded as first-line therapy
(Lichtensteinet al., 2006; Executive Summary of the NCEP ATP lll)n& 2001,

phytosterol-enriched functional food has recommdnae part of an optional dietary

prevention of cardiovascular diseases (Executinensary of NCEP ATP III).

Phytosterols are natural constituents of plantsdha structurally related to cholesterol
(Weingartneret al., 2009). This health claim for reducing the risk ©AD of
phytosterol food supplements has also been apprbyethe US Food and Drug
Administration in year 2000 (www.fda.gov). Recenétaranalyses of more than 40
clinical studies indicate that dietary supplemeodsitaining plant sterol esters can
induce the reduction of LDL-c levels up to 10-15%edrikset al., 1999; Kataret al.,

2003).

However, if the treatment goals cannot be achiettedugh non-pharmacological
measures, drug therapy should be initiated (Dawidgoal., 2002). Among the
available lipid-lowering agents, 3-Hydroxy-3-metigutaryl-CoA (HMG-CoA)
reductase inhibitors (statins) are the commonesticehof lipid-lowering agents
prescribed to decrease LDL-cholesterol levels (Bsom et al., 2002). HMG-CoA
reductase is the rate limiting enzyme that catalybe conversion of HMG-CoA to

mevalonic acid in the cholesterol biosynthesis wath(Figure 2.2.2).
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Figure 2.2.2: Simplified schematic diagram of chokgerol biosynthesis pathway.
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Other pharmacological agents available for the mement of hypercholestrolaemia
include bile-acid sequestrants, inhibitor of initegt cholesterol absorption (ezetimibe),
inhibitors of squalene synthase, ApoB mRNA antiseolsgonucleotides, microsomal
triglyceride transfer protein (MTP) inhibitors arwholesteryl ester transfer protein

(CETP) activity inhibitors (Charlton-Menys & Durgton, 2008).

2.3 Familial Hypercholesterolaemia

Familial hypercholesterolemia (FH) is a disordercbblesterol metabolism with an
autosomal dominant mode of inheritance (Goldstesd., 2001). It is characterised by
elevated total cholesterol (TC) and low-densitpjiptein cholesterol (LDL-c) levels.
FH is caused primarily by mutations of the low dgn8poprotein receptor (DLR)
gene (Muller, 1938; Goldstest al., 2001; Austiret al., 2004a). Mutations in two other
genes that cause the clinical FH phenotype hawe lad®n reported but much less
frequent (Austiret al., 2004b; Soutar & Naoumova, 2007; Minlgasl., 2009). One of
these is the apolipoprotein B-108R0B) gene, located on chromosome 2p23-24 that
encodes for the protein component of LDL partidlésott et al., 1985; Lawet al.,
1985a; Lawet al., 1985b; Innerarityet al., 1990). However, only a small number of
functional mutations have been identified AROB (Austin et al., 2004b; Tybjaerg-

Hansen and Humpries, 1992).

The third gene, proprotein convertase subtilisixitketype 9 PCSK9), has been
identified on chromosome 1p32-1p34.1 (Ausdiral., 2004b; Varrett al., 1999; Hunt

et al., 2000; Abifadekt al., 2003; Varrett al., 2008). The presence of other candidate
genes has been postulated, but these are rareaf@mat Naoumova, 2007). In 2002,
Pullingeret al., found a recessive trait in a single family shoyviecessive mutation in

7alpha-hydroxylase (CYP7A1) gene that encodes tizgnee that catalyses the first
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step in the hepatic catabolism of cholesterol. ©Ogreups found variants in the genes
for regulatory proteins such as sterol regulatdeynent binding protein-2 (SREBP-2)
and sterol cleavage-activating protein (SCAP) (u#ind Miserez, 2002; Durst al.,

2006).

FH occurs clinically in two forms, heterozygous Brd homozygous FH (Goldstein &
Brown, 1986). Heterozygous FH patients were foumdhdve one copy of a mutated
LDLR gene and the estimated frequency of heterazydgeH in Caucasian population
is often reported as 1/500 or 0.2% (Patterson dackS1972; Goldsteimt al., 1973),
making FH among the most common single gene diséas®rtain communities, the
frequency of FH can be higher due to founder effé¢trretet al., 1997; Austiret al.,
2004a). These communities include French Canadieie¢sdorfet al., 1990; Betard
et al., 1992), Christian Lebanese (Lehrmetnal., 1987), Druze (Landsberget al.,
1992), Finns (Koivistet al., 1992; Aalto-Setalat al., 1992), Afrikaners (Kotzet al.,

1991) and Ashkenazi Jews of Lithuanian descentri{dtet al., 1991).

In FH homozygous individuals, who inherited two amitLDLR alleles are rare, with
frequency about 1 in a million people (Holdsl., 1992). Patients with a mutation in
both LDLR alleles are more severely affected thatiepts with a single mutant allele.
Heterozygous FH have a two to three fold elevaitioplasma LDL and typically begin
to develop premature CAD at the age of 30 to 40sy¢@oldstein & Brown 1986;
Goldstein & Brown, 2009). In contrast, homozygou# rave six to ten times higher
than the normal concentration of plasma LDL fromttband often have heart attacks
during the first two decades of life or during dhibod (Goldsteiret al., 1985; Hobbs

etal., 1992).
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The FH clinical phenotype is associated with inseghrisk of CAD and premature
death (Austinet al., 2004b; Ayyobiet al., 2007; Goldsteiret al., 2001). In the
heterozygous FH without effective treatment, thenalative risk of having coronary
event by the age of 60 years is at least 50% in amehabout 30% in women (Slack,
1969; Stoneet al., 1974) with coronary disease occurring earliem@n than women
(Gagneet al., 1979). In a cohort of treated heterozygous FHda2@-39 years, the
relative risk of fatal CAD was found to be incredseearly 100-fold (Scientific

Steering Committee on behalf of the Simon Broomgifter Group, 1991 & 1999).

2.3.1 Clinical Signs of FH Patients

Increased LDL-c levels often result in cholestetgposits on the Achilles’ tendons and
extensor tendons of the hands and feet, and tesarl@xtent on the knees and elbows,
clinically referred to as tendinous xanthomas (Bro& Goldstein, 1976b). Other
obvious clinical signs that develop due to LDL-ewltion include cholesterol deposit
on the eyelids (xanthelasma) and white depositpadid in the outer rim of the iris
(arcus cornealis) (Yuast al., 2006). Xanthomas are composed of monocyte-d&rive
foam cells resulting from intracellular accumulatiof lipids and connective tissue
(Kruth, 1985). Tendon xanthomas are highly speddr FH in subjects and current
recommendations include them as an important @irdéagnostic criterion (Civeira,
2004). It has been reported that 29% of genetichlgnosed FH patients have Achilles
tendon xanthomas diagnosed by sonography (Descatmgls 2001; Junyengt al.,

2005).
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2.3.2 Clinical Diagnosis of FH Patients

FH individuals are at higher risk of developing CAlierefore it is important for early
diagnosis and management of these patients (Hogkials, 2001). However, FH has
frequently been under-diagnosed and many thergforentreated (Durrington, 2001).
Of the patients identified, there are still manyondre not getting appropriate treatment
(Umans-Eckenhausest al., 2001). The clinical diagnosis of FH is basedpbiysical
signs, laboratory findings of lipid concentraticasd the patient’s personal and family
history (WHO, 1999; Minhast al., 2009). UK Simon Broome Register group
(Scientific Steering Committee of the Simon BrooRegister Group, 1991), the US
MedPed Program (Williamst al., 1993) and the Dutch Lipid Clinic Network
(Defesche, 2000) have developed clinical diagndstits for FH but many clinicians
diagnose FH based on the Simon Broome criteriag(L1999). The National Institute
of Health and Clinical Excellence (NICE) in the tud Kingdom has issued a
recommendation that the diagnosis of FH should dseth on Simon Broome criteria
modified for age-adjusted LDL-c levels (www.nicgyark; Wattset al., 2009; Minhas

et al., 2009).

The major difference between these criteria is uke of the different cut-offs for
premature CAD. The Simon Broome register group meunends the use of cut-off for
premature CAD before the age of 60 years fodégree relatives and before 50 years
in 2" degree relatives (Scientific Steering Commiteebehalf of the Simon Broome
Register Group, 1991). The MedPed criteria reconthaaut-off at age 65 years while
Dutch Lipid Clinic Network suggests less than 5argefor men and less than 65 years
for women (Austinet al., 2004a). The MedPed Criteria use cut-off poims tbtal
cholesterol levels specific to an individual’'s aged family history (Austinet al.,

2004a). That is, the cut-off points differ for immluals with first-, second-, or third-
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degree relatives and for the general populatiomlera.3.1) (Williamset al., 1993). In
the US MedPed criteria, the total cholesterol cutingg were derived from
mathematical modelling using published cholestéreéls from FH individuals in the
United States and Japan (Kagteal., 1990; Yamamotat al., 1989; Williamset al.,

1986).

Table 2.3.1: The US MedPed Diagnostic Criteria.

Table 2.3.1 US MedPed Program diagnostic criteria for familial hypercholesterolemia®

Total cholesterol cutpolnts (mmoliiter)

First-degree  Second-degree  Third-degree Ganaral
retative With FHT relalive with FH  refalivé with FH  population

Age (years)
<20 57 59 6.2 1.0
20-29 6.2 6.5 6.7 1.5
30-39 7.0 7.2 1.5 8.8
240 1.5 78 8.0 9.3

Diagnosis (FH is diagnosed
if total cholesterol levels
exceed the cutpoint)

* Williams et al. Diagnosing heterozygous familial hypercholesterclemia using new
practical criteria validated by molecular genstics. Am J Cardiol 1993:72:171-6 (8).
t FH, familial hypercholesterolemia.
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The criteria used by the Simon Broome Register @réar the diagnosis of FH
include total cholesterol levels, LDL-c levels, notial characteristics, molecular
diagnosis and family history (Table 2.3.2) (Aus#iral., 2004a). Using Simon Broome
Register criteria, an individual is diagnosed dhezi definite FH or probable FH. A
‘definite’ FH diagnosis is made if an adult patidrds elevated LDL-c more than
7.5mmol/L combine with presence of tendinous xamth®, or if a patient has an
identified mutations in the LDLR gene or APOB geAéprobable’ diagnosis is made
if an adult patient has elevated LDL-c more thanimol/L and a family history of
hypercholesterolaemia or premature CAD. The cutt@ffLDL-c concentrations for

children under the age of 16 years is 6.7mmol/L.

Table 2.3.2: The Simon Broome Register Group Diagrstic Criteria.

Table 2.3.2 Simon Broome Familial Hypercholesterolemia Register diagnostic criteria for familial
hypercholesterolemia*

Descripticn

Criteria

a Total cholesterol concentration above 7.5 mmol/liter in adults or a total cholesterol
concentration above 6.7 mmaolliter in children aged less than 16 years, or

Low density lipoprotein cholesterol concentration above 4.9 mmolditer in adults or
above 4.0 mmol/iter in children

Tendinous xanthomata in the patient or a first-degree relative
c DMNA-based evidence of mutation in the LDLA or APOB gene

Famnily history of myocardial infarction before age 50 years in a second-degres relative
or before age 60 years in a first-degree relative

e Family history of raised total cholesterol concentration above 7.5 mmalliter in a first-
or second-degree relative

Diagnosis

A “definite” FHY
diagnosis requires
either criteria a and
b or criterion ¢

A “probable” FH
diagnosis requires
either criteria a and
d or criteria a and &

* Hisk of fatal coronary heart disease in familial hypercholesterolemia. Scienific Steering Committee on behalf
of the Simon Broome Register Group. BMJ 1991;303:893-8 (13); Mortalty in treated heterozygous familial
hypercholesterolaemia: implications for clinical management. Scientific Steering Committee on behalf of the Simon
Broome Register Group. Atherosclerosis 1999;142:105—12 (14).

1 FH, familial hypercholesterolemia.

24



The Dutch Lipid Clinic Network criteria (Table 233.are similar to the Simon Broome
Register criteria, but uses calculation of numedoring (Markset al., 2003). Points

are given for family history of hypercholesterolaampremature CAD or peripheral
vascular diseases, clinical characteristics, eégl/dtDL-c concentrations and/or an
identified mutation in LDLR. A ‘definite’ FH diagrsis is made if the total points score
is greater than eight. Total point score of sieight is considered as ‘probable FH’ and
score of three to five is ‘possible’ FH. If the seas below 3 points, a diagnosis is not
made. Although the Dutch Lipid Clinic Network crig are similar with Simon

Broome Register criteria, it has one main diffeeend/hile Simon Broome Register
recognises a molecular diagnosis as an evidenc&édinite’ FH, the Dutch Lipid

Network requires that at least one other critebermet in addition to a DNA diagnosis

(Minhaset al., 2009).

Table 2.3.3: The Dutch Lipid Clinic Network Diagnodic Criteria.

Tabhle 2.2.32 Dutch Lipid Clinic Network diagnostic criteria for familial
hypercholesterclemia®

Points

Criteria
Family history

First-degree relative with known premature (men: <55 years; women: <0
years) coronary and vascular disease, or

First-degrese relative with known LDLCH abowe the 95th percentile 1

First-degres relative with tendinous xanthomata and/or arcus cornealis, or

Children aged less than 18 years with LDLC above the 95th percentile 2
Clinical history

Patient with premature (men: <55 years; women: <20 years) coronary
artery dissase =2

Patient with premature (men: <55 years; women: <20 years) cerebral or
peripheral vascular disease 1

Physical examination
Tendinous xanthomata

o

Arcus cormealis prior to age 45 years

S

Cholesterol levels (mmoliliter)
LDLC, =8.5
LDLC, 8.5—8.4
LDLC, 5.06.4
LDLC, 4.0—4.9
DA analysis
Functional mutation in the LDLA gene a8
Diagnosis (diagnosis is based on the total number of points obtained)
A tdefinite™ FH+ diagnosis reguires more than 8 points
A “probable™ FH diagnosis requires 6—8 points
A “possible™ FH diagnosis requires 3—5 points

= W no

= World Health Organization. Familial hypercholesterclemia—report of a second WHO
Consultation. Geneva, Swilzerand: World Health Organization, 1989, (WHO publication no.
WHO/HGMN/FHACOMS/M9.2). (15).

1+ LDLC, low density lipoprotein cholesterol; FH, familial hypercholesteroclemia.
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2.3.3 Management and Treatment of FH

Once an individual is diagnosed with FH, the manag@ and treatment is usually life-
long. Treatment options for FH patients involve ttembination of healthy lifestyle
and cholesterol lowering medications. In some segases such as in homozygous FH,
LDL-apheresis, liver transplantation and gene tmerhave also been considered

(Markset al., 2003).

Among lifestyle modifications that can be employae@ heart-healthy diet, regular
exercises, ideal weight control, reduction in atdointake and cessation of smoking.
There are currently plant sterol and stanols prtsdii@at can be used in the healthy diet
to help improve cholesterol lowering. These produsbrk by blocking cholesterol
absorption in the gut and can lower LDL cholestdrplup to 15% (Hendrikst al.,

1999; Kataret al., 2003).

Lipid lowering agents are widely prescribed to Fitipnts and maximum benefits can
be obtained if medication is started earlym@ans-Eckenhauseet al., 2003). The
commonly prescribed classes of lipid lowering drage statins, fibrates, bile acid
sequestrants (resins), intestinal cholesterol @isor inhibitors (Ezetimibe) and
nicotinic acids (Charlton-Menys & Durrington, 2008pince the discovery of
compactin (Mevastatin) by Akira Endo in 1976 (Sheirg, 2006a) and the introduction
of lovastatin as the first statin in the late oBI9statins have become the most widely
prescribed therapeutic agent for patients with Febgrt, 2003). They are by far the
most powerful, consistent, best tolerated and cmuplith other agents of cholesterol
reducers (Stein, 2002). Mevastatin doglastatin are natural products derived from
Penicillium citrinum (Endoet al., 1976a; Endat al., 1976b) andAspergillus terreus

(Alberts et al., 1980) respectively. Currently, there are sixtissa approved for
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treatment of hypercholesterolaemia; lovastatin @fast al., 1987), simvastatin
(Pedersoret al., 1996), pravastatin (Shepheatdal., 1996), fluvastatin (Serruyet al.,
2002), atorvastatin (Sevest al., 2003) and rosuvastatin (Rublet al., 2009).
Although, lovastation is a natural product, theeotbtatins are either semi-synthetic or
synthetic derivatives (Stein, 2002; Tobert, 200S8)mvastatin is a semi-synthetic
derivative of lovastatin, while pravastatin is ded from the natural product of
compactin (Mevastatin) by biotransformation. Thenaening statins are completely

synthetic products (Tobert, 2003).

The safety and efficacy of statins have been testeal large double-blind placebo
controlled randomised trials (Sackisal., 1996; Shepherdt al., 1995; Downszt al.,
1998; The Scandinavian Simvastatin Survival Std®84). These trials demonstrated
the effectiveness of statin therapy in general fain with elevated cholesterols
levels (Steinberg, 2006b). Simon Broome Steeringn@dtee has reported in 1999 that
a decline in the relative risk for coronary motgalivas seen in FH patients aged 20 to
59 years when statins use became more widespreatbtherapy with statins often fail
to reduce LDL-c concentrations adequately (Maetkal., 2003). Combination therapy
with cholesterol lowering agents of different mealsen of action is often needed to
achieve target LDL-c levels. Combination of statiith exetimibe can reduce LDL-c

by 18% (Leitersdorf, 2001; Leitersdorf, 2002; Gaghal., 2002).

The use of LDL-apheresis has become increasingbpitant in the treatment of FH in
recent years (Gordon & Saal, 1996; Thompson, 200B)L-apheresis is usually
reserved for homozygous FH patients not respontbngrug therapy (Parlet al.,

1998). LDL-apheresis is an invasive and expensie dafe procedure (Bambauer,

2002; Hudginst al., 2002). It has been shown that LDL-apheresis eanded safely
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in pregnant FH women (Cashin-Hemplstl al., 2000). A few studies suggest that
aggressive lipid-lowering therapy using a combwmratof LDL-apheresis and statin
drugs can cause regression of coronary plaqueatiangs with FH (Matsuzalet al.,

2002; Barter, 2002).

2.4  Low Density Lipoprotein Receptor (LDLR)

In 1973, Goldstein and Brown have discovered thd.RDbn cultured human skin
fibroblasts (Goldstein & Brown, 1973). LDLR is allegurface glycoprotein that binds
the apolipoprotein B on the LDL particle (Defescl#)04). The clearance of
cholesterol and cholesteryl ester-containing LDLltipes from blood into cells is
mediated by the LDLR (Goldstein & Brown, 1985). ThBLR is produced in the
endoplasmic reticulum and is present at the surédamost cell types (Varretdt al.,
2008). The glycosylated mature LDLR reaches thd'scsurface and is directed
towards clathrin-coated pits where it binds to Apaiiched and ApoE-enriched
lipoproteins via its extracellular domain (Andersenal., 1977). The complex is
endocytosed and migrates to the endosomes. Acidicomment of the endosome
triggers the release of the bound LDL particle &idr degraded in lysosomes (Davis
et al., 1987a; Costetdt al., 2008). The LDLR returns to the membrane andrenteew
cycle (Brownet al., 1977; Brownet al., 1983). The LDLR pathway is shown in Figure

2.4.1.
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Figure 2.4.1 The LDL receptor pathway.
Notes: The low-density lipoprotein receptor (LDLr) is synthesized as a 120 K.Da precursor protein and processed in the golgi apparatus (GOLGI) producing the ghycosylated

mature receptor that is transported to the cell surface and is directed towards dathrin-coated pits through interactions involving LDL particle, enriched with apolipoprotein
B (APOB) where it binds to LDL particle. The complex is transported to endosomes where the acidic pH causes a dissocition of the r —ligand complex, releasing
the LDLr to its recycling so the LDL is degraded in the lysosomal compartment. The proprotein convertase subtilisin'kexdin type 9 (PCSK9) and Idol protein participate in a

decreasing of receptor recycling and increasing the LDLr degradation.

Figure 2.4.1: Schematic diagram illustrates the LDLreceptor pathway.
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The mature form of human LDLR protein contains &88ino acids residues with a
molecular mass of 160kDa (Yamametcl., 1984). It can be broadly divided into five
domains. The first domain is N-terminal ligand-bimgl domain that mediates the
binding to LDL, followed with the epidermal growtactor (EGF)-precursor homology
domain that is required for the dissociation obppotein from LDLR during receptor

recycling. The third domain is the O-linked polysiaaride domain that functions as
acceptor sites for O-linked sugar, followed by thgdrophobic trans-membrane
domain. Lastly, the C-terminal cytosolic or cytaptac tail domain that directs the
receptor to clathrin-coated pits (Sudlebél., 1985; Soutar & Knight, 1990).

The domain structure of the human LDL receptor atsdrelation to the exon

organisation of the LDLR gene is shown in Figu#2.
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Figure 2.4.2: Schematic diagram represents the dormastructure of the human
LDL receptor and its relation to the exon organisaibn of the LDLR gene (adapted

from Soutar & Knight, 1990).
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The human LDLR is encoded by LDLR gene locatechanghort arm of chromosome
19 at 19p13.1-p13.3 (Lindgrest al., 1985; Francket al., 1984). The location of the

LDLR gene on chromosome 19 is illustrated in Fig2we3.
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Figure 2.4.3 Ideogram showing the location of LDLRyene on chromosome 19 at

19p13.1-p13.3.

LDLR gene spans approximately 45kb and consistsl®&fexons and 17 introns
(Lindgrenet al., 1985; Sudhott al., 1985; Hobbst al., 1990). The promoter region
spans 177bp and is located on the 5’-flanking megwathin which the majority of the
cis-acting DNA elements are found between base plaps-68 and -234, with A of the

initiator methionine codon as +1 (Koegal., 2006).

Twenty-one amino acids of the signal sequence wischleaved from the protein
during translocation into endoplasmic reticulum arecoded by Exon 1 of LDLR
(Russellet al., 1986; Varretet al., 1997). The ligand-binding domain of LDLR is

encoded by exons 2-6, which is made up of seveaatspof 40 amino acids each
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(Sudhof et al., 1985; Varretet al., 1997). Exons 7-14 encode a 400 amino acids
sequence that is 35% identical to a portion ofthman EGF precursor gene (Russell

etal., 1984; Davist al., 1987a; Varregt al., 1997).

Fifty-eight serine and threonine residues-enriclinanacids which serve as attachment
sites for O-linked sugar chain are encoded by EMo(Daviset al., 1986; Varrett al.,
1997). The 3’ end of exon 16 and the 5’ end of et@rnencode the 22 hydrophobic
amino acids of the trans-membrane domain that séovenchor the LDLR within the
plasma membrane (Browet al., 1997; Varrett al., 1997). A mutant that is truncated
in this region has a reduced capacity to remaach#d to the plasma membrane and is

also found free in the plasma (Lehrnetmal., 1985).

The remaining of exon 17 and the 5’ end of exoret8ode the 50 amino acids that
make up the cytoplasmic domain that serve as ttedifation of the LDLR in coated
pits on the cells surface (Dawsal., 1987b; Chemt al., 1990). The remaining of exon

18 specifies the 2.6kb of 3’ untranslated regiom&NA (Varretet al., 1997).

Over 1200 mutations in the LDLR gene have beentifiesh and reported world-wide
(Leighet al., 2008, Kolanskyt al., 2008; Stensost al., 2009a; Stensoet al., 2009b,
Stensonet al., 2008; Stensomt al., 2003; Heathet al., 2000; Villegeret al., 2002;
Hobbs et al., 1992). The identified mutations to date comprgeall deletions,
insertions, duplications, missense mutations, magarrangement, premature stop
codons, single amino acid substitutions, mutatibpromoter region well as splicing
defects (Soutar & Naoumova, 2007; Gent & Braakn2f94; Villegeret al., 2002).
The mutations of LDLR gene have been classified fite functional classifications

depending on the nature of the receptor defectd&einet al., 2001).
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Class 1 mutations are known as ‘null-alleles’, vahatisrupt the receptor’s synthesis in
the endoplasmic reticulum. These mutations are acienised by the absence of
messenger RNA (mMRNA) and can be due to LDLR promdétetion, by frameshift,

nonsense, spilicing mutations or rearrangementJ@sro-Orost al., 2010).

Class 2 mutations are transport-defective alleleshvaffect the transport of the LDLR
from endoplasmic reticulum to Golgi apparatus (Austt al., 2004a). Class 2

mutations can be grouped into class 2A and 2Bcatatig either a complete block or a
reduced rate of transport respectively (Defescli®4p This class of defects are
normally caused by missense mutations or smaltidakelocated within the exons that

encode ligand-binding and EGF-precursor homologyalas (Yamamotet al., 1984).

Mutations that interfere with cell surface bindiofgthe LDL particles are classified as
Class 3 mutations. These defects produce LDLRafreatransported to the cell surface
but fail to bind LDL normally (Varretet al., 1997). These defects are due to
rearrangements in repeat cysteine residues in diparding and EGF-precursor

homology domains (Lehrmaat al., 1985).

Mutations that prevent the internalization of thgahd-receptor complex belong to
class 4. These mutations produce proteins that@rable to group into clathrin-coated
pits and internalization of bound LDL particles nahtake place. If the mutations
affect cytoplasmic domain alone, they are groum iolass 4A, however if trans-
membrane domain also affected, they are groupciass 4B (Hobbst al., 1992).
Mutations that block the acid-dependent dissoamatd receptor and ligand in the
endosome making the receptor fails to be recydetia cell surface are categorised as

Class 5 mutations (Davig al., 1987b; Hobbst al., 1992). This class of mutations
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cluster in the 5’ end of the EGF-precursor homoldgynains (van der Westhuyzen

al., 1991).

2.5 Mutation Detection Techniques

Genetic diagnosis of FH depends on the identifbcatif a mutation in the LDLR gene.
DNA-based mutation screening methods play an imaportole in the definitive
diagnosis of FH (Markst al., 2000; van Aalst-Cohed al., 2006; Humpriest al.,
1997a). The diagnosis of FH in approximately 15-2f%nown FH family members is
made based on a DNA test where measurement ofstaade levels alone would not
have established the diagnosis (Koiviet@l., 1992; Koivistoet al., 1993; Warckt al.,

1996).

There are several approaches available for DNAebasetation screening methods
(Cotton, 1993; Grompe, 1993; Mashal & Sklar, 1996j, 2001), although all have
disadvantages either with regard to the use ottoemicals, or radioisotopes, or have
issues with specificity and sensitivity (Humprigisal., 1997). The tools for mutation
detection, in both scanning and diagnostic modes,irproving steadily (Cotton,
1997). While several useful technologies for motatletection exist, no single method
is applicable to all situations (Vago & Pena, 199Hus, a myriad of new techniques
have been developed for the detection of mutatimm@NA, most of them based on the

polymerase chain reaction (PCR) (Vogel & Motulsk986; Taylor, 1997).

Mutation detection techniques can be divided gdiyenato techniques that test for

known mutation (genotyping) and those that detett anknown mutation in a

particular target region (mutation scanning) (Tayfo Taylor, 2004; Cotton, 2000).
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The ultimate technique for detection and confiroraiof mutations is direct sequencing

but it involves significant cost and labour (Sivakaranet al., 2003).

The important considerations in any approach tcatmart detection are sensitivity (the
proportion of mutations that can be detected) getificity (the proportion of false-
positive) (Taylor & Taylor, 2004). With the increag availability of primary sequence
from genomes of human and other species, thereneed for high-throughput, high-
accuracy, highly sensitive and specific mutatioriedigon method for identifying

disease- causing sequence variation (Xiao and Qe&f661).

The commonly used detection methods in FH casesiagte strand conformation
polymorphism (SSCP) (Humphries al., 1997b; Sozeret al., 2004), denaturing
gradient gel electrophoresis (DGGE) (Lombaetial., 1995; Nisseret al., 1995),
oligonucleotide ligation assay (Barenhal., 1996), denaturing high performance liquid
chromatography (DHPLC) (Bodamer al., 2002), DNA-array (Alonst al., 2009),
multiplex ligation-dependent probe amplification (RIA) (Taylor et al., 2010), and

direct sequencing (Romambal., 2010; Blesat al., 2006).

2.6  Denaturing High Performance Liquid Chromatography (DHPLC)

Since DHPLC was developed in 1995 (Oefner & Underh®95; Oefner & Underhill,
1999; Xiao & Oefner, 2001), it has emerged as drtkeomost popular methods for the
analysis of genetic variations. The DHPLC systers ttaee modes of operations,
depending on the temperature of the column (XiaO&ner, 2001). Depending on the
mode of operation, chromatographic analysis usitPDC can be used to detect

single nucleotide substitution or small insertiandeletions in double-stranded DNA
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fragments as well as to analyze and purify singtansled nucleic acids (Xiao &

Oefner, 2001).

For most purposes, chromatographic analysis ofemuchcid is performed under
partially denaturing conditions for screening of tgiive single nucleotide
polymorphisms (SNPs) or detection of unknown mategi(Sivakumarast al., 2003).
Other modes of Wave System are performed underdeaaturing and completely
denaturing conditions. Non-denaturing conditionuged at column temperature of
50°C and applied to accurately size and quantify P@Rigrs (Huberet al., 1995).
Analysis in shorter DNA fragments of size 50-100ipmerformed under completely
denaturing condition such as products of primerderesions and synthetic

oligonucleotides, as well as RNA.

With the increasing number of genome sequences letaalp DHPLC has established
itself as one of the most powerful tools for DNAriasion screening and allele
discrimination (Xiao & Oefner, 2001; Frueh & Nowfteidner, 2003). More than 350
human genes have been studied using DHPLC

(http://insertion.stanford.edu/hplc_genesl.hiwith the first gene subjected to DHPLC

analysis was the calcium channel gene CACNL1A4 (@fpkt al., 1996). Apart from
its predominant application in identifying the miigdas in human diseases (Pfeiffer

al, 2002; Brightwellet al., 2002), DHPLC has provided insight into the human
evolution and prehistoric migration based on theeesting of Y chromosomal and
autosomal DNA sequences (&#nhal., 1999 ; Underhillet al., 2000). It has also been
implemented in the quantitative measurement of gapeession (Dorigt al., 1998)

and the analysis of single nucleotide extensiordyets (Hoogendooret al., 1999).
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However, DHPLC is not suitable for analysis of Eigene deletions and multiple copy

number aberrations (Marsh & Howell, 2010).

DHPLC analysis is an ion-pair reversed-phased higarformance liquid
chromatography for performing analytical separaiaf DNA based on temperature
sufficient to partially denature DNA heteroduplexés et al., 2006; Sivakumarast
al., 2003; Oefner & Huber, 2002). Consideration ties to be taken into account in the
DHPLC analysis is the selection of PCR reagentR8€sociated materials such as
Proteinase K, formamide or large concentrationighmolecular weight carrier such
as bovine serum albumin (BSA) should be avoideadrder to prolong the life span of
the column since these materials can damage an#l thile column (Mitchell & Cutler,

2011).

During DHPLC analysis, DNA fragments are carriedntgbile phase consists of 0.1M
triethylammonium acetate (TEAA) in Buffer A and 2b acetonitrile in Buffer B.
Separation of DNA fragments by size take placenenDNA Separation Column. The
mobile phase is pumped by through the DNA Separatmumn and detector, and
subsequently into the waste reservoir. SeparatiddNA fragments are detected by a
UV detector and the signal is converted into atdigralue (Hannachi-M’Zalet al.,
2002). The results are presented as chromatograhshware series of peaks
corresponding to DNA fragments (Lam, 2006). FigRu& 1 represents the schematic of

the DHPLC system.
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Figure 2.6.1: Schematic of DHPLC system showing th@acement of hardware

and the flow direction of the mobile phase. GPIB-gegeral purpose interface board.

DHPLC detects sequence variation based on theralfferetention of homo- and
heteroduplex DNA fragments in the separation coluniren wild-type and mutant
DNA samples are denatured and re-annealed tog@beohoe, 2005; Rugg & Magee,
2005). The presence of ion pairing reagent TEAA arthear gradient of acetonitrile
have enabled the movement of the DNA fragmentsutiitothe column (Marsh &
Howell, 2010). At partial denaturing temperature DHPLC, the less stable
heteroduplexes are eluted faster than the homoxdupMA (Harvey & Sampson,

2004).

When non-mutant samples are analysed, a single pmalesents homoduplex is
observed in the chromatogram; whereas, when m@miples are injected, two or

more peaks represent heteroduplex will be detd@r@kumararet al., 2003; Mitchell
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& Cutler, 2011). Figure 2.6.2 illustrates the sepian of heteroduplex and homoduplex

on DHPLC.
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Figure 2.6.2: Use of DHPLC to separate homoduplexemnd heteroduplexes. The
illustration shows the complete resolution of homoand heteroduplexes formation

following heating and controlled-rate cooling cycle
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Every test samples are assayed with the preseratdadst one homozygous wild type
sample that acts as a comparator sequence (Leuhdipn2008). Any difference in
the elution profile is indicative of the presendesequence variation (Leung and Yip,
2008; Sivakumarast al., 2003).The analysis temperature is critical foe success of
mutation detection by DHPLC, and it is necessaryuilo samples at more than one
temperature during optimisation process (Sivakumatral., 2003). Retention times at
different temperatures are determined and a matltecis plotted to ensure the
appropriate temperature for analysis of an indi@ldDNA fragment (Oefner &
Underhill, 1995; Oefner, 2000). The melting tempar@ (Tm) of the DNA fragment
may also be determined from the melting curve dated by the melting temperature
software such as WAVEMaket from Transgenomic, USA. Figure 2.6.3 illustrates t

melt curve profile at different temperatures.
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Figure 2.6.3: Melting curve of a DNA fragment at diferent temperature showing

peak at different retention time on DHPLC.
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Many studies have been done to compare DHPLC wiktleromutation scanning
techniques including SSCP (Buenal., 2002; Yamanoshitet al., 2005) and DGGE
(Breton et al., 2003), conformation sensitive gel electroph@g§iSGE) (Khorram
Khorshid & Dalgleish, 2008), protein truncationtt@TT) (Andruliset al., 2002), and
two dimensional gene scanning (TDGS) (Eh@l., 2001). The sensitivity of DHPLC
has been widely studied and is estimated at 97 gbeater (Jonest al., 1999a; Elliset
al., 2000). Jones and colleagues reported that DHItECted 96 % of all mutations in
PCR products varying in sizes from 173 bp to 690irbgomparison to SSCP that
detected only 85 % of the mutations (Joetkeal., 1999b; Jonest al., 2001). Another
study on BRCA1 gene, the sensitivity and specifiof DHPLC and SSCP were

reported to be 100 and 94 % respectively (Gebst, 1999).
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