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The Lipoprotein System

The transport of cholesterol and other water insoluble lipids in the circulation is achieved by
packing them into water-soluble, mostly spherical particles that are called lipoproteins. These
particles are complexes of various lipids and specific proteins. Plasma lipoproteins have
traditionally been grouped into four major classes: the chylomicrons, the very low density
lipoproteins (VLDL), the low density lipoproteins (LDL; that carries the “bad cholesterol”), and
the high density lipoproteins (HDL; that carries the “good cholesterol”). Each lipoprotein has a
distinct composition of lipids and specific structural proteins that are called apolipoproteins.



The HDL Particle

The plasma HDL is produced mainly (~80%) by the liver and to a lesser extent (~20%) by the
intestine (1;2;2) and consists of spherical particles ranging from about 5 to 15 nm in diameter. The
composition of HDL consists of approximately 50% apolipoprotein and 50% lipid moieties. The
interior of HDL contains non-polar (water insoluble) lipids consisting of cholesteryl esters (CE)
and a small amount of triglycerides (TG). On the surface relatively polar (water soluble) lipids
like phospholipids, a portion of the free cholesterol and apolipoproteins are found. The major
protein component of HDL is apolipoprotein A-I (apoA-I) followed by apoA-Il, whereas other
proteins are minor constituents (Fig. 1). As many as 60 other non-structural proteins have been
reported to be associated with HDL particles but the roles of these proteins in concert with HDL are
currently not known (3).

Figure 1. Schematic representation of an HDL
particle.

HDL Levels and Risk for Coronary Heart Disease

Lipoproteins and apolipoprotein levels are associated with the risk for coronary heart disease
(CHD); in fact, the momentum for the study of lipoproteins has been provided by
epidemiological and genetic data which demonstrate clearly that increases in LDL cholesterol or
apolipoprotein B (apoB) levels and decreases in HDL cholesterol or apoA-I levels are associated
with an increased risk for CHD (4-6;6). In contrast, high HDL levels have been claimed to protect
against CHD and confer longevity to humans (4;6;6;7;7;8;8;9;9). Other risk factors which con-
tribute to CHD are age, blood pressure, cigarette smoking, diabetes, lack of physical activity,
obesity and atherogenic diets (6). The contribution of the total plasma cholesterol and HDL
cholesterol to the risk of CHD is shown in Tables IA and IB (6). Positive numbers indicate
increased risk; negative numbers decreased risk. The tables show that increased levels of total
cholesterol (or LDL cholesterol) contributes to increased risk while very low total cholesterol is
beneficial. On the other hand, low HDL contributes to risk while high HDL is associates with
protection. For example, as can be seen in Table 1B going from 25 to 90 mg/dl HDL, one
reduces the risk by 14 points. Figure 2 illustrates that such a dramatic difference in risk points
bears direct consequence with regards to the probability of developing CHD.

The probability of developing heart disease increases as the sum of the risk points from differ-
ent causes increases (Fig. 2) (6;10;10).



TABLE IA: CONTRIBUTION OF PLASMA CHOLESTEROL TO CHD RISK

Plasma Cholesterol Risk Plasma Cholesterol Risk Points
(mg/dl) Points (me/d)
139-151 -3 220-239 2
152-166 -2 240-262 3
167-182 -1 263-288 4
183-199 0 289-315 5
200-219 1 316-330 6

TABLE IB: CONTRIBUTION OF HDL CHOLESTEROL TO CHD RISK

HDL Cholesterol Risk HDL Cholesterol Risk Points

(mg/di) Points (mg/di)
25-26 7 51-55 -1
27-29 6 56-60 -2
30-32 5 61-66 -3
33-35 4 67-73 -4
36-38 3 74-80 -5
39-42 2 81-87 -6
43-46 1 88-96 -7
47-50 0

Modified from Anderson et al., 1991. Circulation 83, 356-362. (6)
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Figure 2. Graph showing the probability of developing CHD as a function of increases in risk points from different
causes. Risk factors used, based on the Framingham study, include: age, total cholesterol, HDL cholesterol (<40
mg/dL), blood pressure, and cigarette smoking. (Adapted from (6;10).



Formation of HDL in the Body and Genetic Mutations that Lead to Low
HDL Levels

The synthesis of HDL goes through a series of steps where apoA-| and a variety of other
proteins present in the surface of cells or in plasma interact to form the HDL particle. Initially a
poorly lipidated HDL precursor particle is formed (frequently called pref HDL) that contains
apoA-l and a small amount of cholesterol and phospholipids which are subsequently converted
to discoidal and spherical HDL particles as shown in Figure 3.
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Figure 3. Schematic representation showing the various steps that lead to the formation of spherical
HDL. (Adapted from (11))

More precisely for this de novo assembly of the HDL particle, apoA-I that is secreted by the liver
or the intestine (Fig. 3, step 1) receives phospholipids and cholesterol from cells. This transfer of
lipids from the cells to apoA-l is performed by a very important protein present on the cell
surface, the ATP binding cassette transporter A1 (ABCA1) (Fig. 3, step 2) (12). If ABCA1l is
missing HDL is not formed and this results in a human disease known as Tangier Disease, which
was first observed in patients on the island of Tangier, off the east coast of the US (13).
Similarly, HDL is not formed in humans who lack apoA-I (13). The lipidated apoA-I produced as a
result of the interaction of apoA-I with ABCA1 goes through one or more steps (Fig. 3, steps
3a,3b), that are not fully understood, and reaches the stage of discoidal HDL particles. The
cholesterol present on these particles is converted to an ester (cholesteryl ester) by the action
of the plasma enzyme lecithin:cholesterol acyltransferase (LCAT). This conversion changes the
discoidal HDL into spherical particles because the newly formed hydrophobic cholesteryl esters
sequester in the core of HDL (Fig. 3, step 4). If LCAT is missing or rendered inactive by
mutations, the discoidal HDL particles accumulate in plasma but HDL cholesterol levels are very
low (13).

Laboratory experiments and studies of human subjects also showed that specific mutations in
apoA-I may result in very low HDL levels due to the fast removal of the lipidated apoA-I from
the circulation by the kidney or accumulation of discoidal HDL particles (13-15;15;16;16;17;17).



Both these conditions can be corrected in experimental animals by treatment with LCAT.
Finally, it has been found that other mutations in apoA-I may cause high plasma triglyceride
levels and these conditions could be corrected by treatment with lipoprotein lipase (17;17-
19;19).

Remodeling of HDL by Lipid Transfer Proteins, Lipolytic Enzymes and
Cellular Factors

Once formed, the initially small HDL particles (denoted as HDL3) interact with various proteins
present on the cell surface or in plasma. For example discoidal and spherical HDL3 particles
interact with the ABCG1 transporter which is predominantly expressed in lipid laden
macrophages for example in the arterial wall and causes efflux of cholesterol (Fig. 4, step 6)
(12). Another example is the transfer of phospholipids from VLDL and chylomicrons onto HDL3
by the phospholipid transfer protein (PLTP) (20). By these acquisitions of lipids and also proteins
and by ongoing esterification of cholesterol by LCAT small HDL3 particles mature to large HDL2
particles.

The cholesterol moiety of mature HDL can be directly or indirectly transferred to the liver or
steroidogenic organs and used for the synthesis of bile acids and steroid hormones,
respectively.
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Figure 4. Schematic representation showing the remodeling of HDL in the plasma and the various
reported functions of HDL. Not shown in the scheme is the transfer of phospholipids from VLDL into HDL
and the hydrolysis of phospholipids of HDL by HL and EL.



The direct pathway involves an HDL receptor (HDLr), commonly known as SR-B1 (Fig. 4, step 5).
Through these interactions, the cells selectively take up cholesteryl esters. The indirect
pathway of cholesterol removal from HDL appears quantitatively more important in humans
and involves the action of a plasma protein, the cholesteryl ester transfer protein (CETP) (Fig. 4,
step 7). This protein transfers cholesteryl esters of HDL to the VLDL and LDL lipoproteins, which
ultimately are taken up by liver and other cells via another membrane protein, the LDL receptor
(LDLr) (Fig. 4, step 8).

The phospholipid moiety of HDL is metabolized by lipases predominantly produced in the liver
and endothelium, namely the hepatic lipase (HL) and the endothelial lipase (EL) respectively
(21).

The remodeling of HDL is an important phenomenon for two reasons. It serves to provide or
remove cholesterol from cells (Fig. 4, steps 5,6,7). It also serves as a carrier of proteins and
lipids that contribute to atheroprotection by mechanisms beyond reverse cholesterol transport
(11;112;22). Interestingly the remodeling of HDL by PLTP, CETP, SR-BI, HL and EL as well as the
degradation of triglyceride rich lipoproteins by lipoprotein lipase (LPL) liberate lipid-free or
lipid-poor apoA-I molecules that are either cleared by the kidney or restart the formation of
HDL by interaction with ABCA1 not only in the liver or intestine but also in other organs. For the
protection from atherosclerosis the interaction of lipid-free apoA-I with lipid laden
macrophages of the arterial wall, which express high levels of ABCA1 and ABCG1], is currently
anticipated to convey one of the most anti-atheroprotecive actions of HDL. This is indicated by
the massive cholesterol accumulation in macrophages of patients or mice which lack ABCA1
and/or ABCG1 (12).

The interactions of HDL with the HDL receptor and CETP appears to be important for
atheroprotection. One apparent paradox is that of mice that lack the HDL receptor have high
levels of HDL, but are more prone to atherosclerois which is related to the accumulation of
abnormal HDL particles in plasma (23;24;24). Another apparent paradox is the recent attempt
to increase HDL cholesterol levels in humans by the drug Torcetrapid that inhibits the protein
CETP and thus prevents transfer of the cholesteryl esters to VLDL-LDL. This treatment indeed
increased plasma levels of HDL but also increased the risk for heart disease in humans. It is still
however possible that this site effect is caused by unanticipated off-target effects that result in
increased blood pressure. As a result clinical trials using this drug were discontinued. In
addition, few human subjects were identified with high HDL levels and documented coronary
heart disease that was attributed to the atherogenic rather than atheroprotective properties of
HDL that was formed in these patients (25).

These at first sight paradoxical findings clearly demonstrate that high levels of HDL cholesterol
are not synonymous with atheroprotection. All this new knowledge suggests that what is
important for protection from CHD is not necessarily a high level of HDL cholesterol, but more
importantly the presence of functional HDL. The functionality of HDL can be influenced by the
abundance of various bioactive proteins and lipids, that exert anti-inflammatory, anti-oxidative,
anti-coagulative and other atheroprotective functions, as well as by the acquisition of atypical



proteins, for example serum amyloid A in the course of inflammation, which interfere with
regular HDL function (see below).

Regulation of HDL levels.

HDL cholesterol levels are regulated by many genetic and non-genetic factors which are only
partially resolved.

Genetic factors account for about 50% of the variability in HDL cholesterol levels among
individuals (26). Both monogenic and polygenic factors are involved. Heterozygosities for
individual mutations in the apoA-I, ABCA1, LCAT and LPL genes explain about 10 to 15% of HDL
cholesterol levels below the 10" percentile (27;28). Polymorphisms in CETP, LPL, hepatic lipase
or apoE explain considerably less than 10% mean differences between carriers and non-carriers
(26). Most recently, genome-wide linkage analysis identified most of the genes mentioned
above as well as endothelial lipase and four other genes of which the role in HDL metabolism is
as of yet unknown (29).

Important life style and environmental factors influencing HDL cholesterol include gender, body
fat, physical activity, smoking and alcohol intake as well as several drugs (30). On average, men
have 15 mg/dL (0.4 mmol/L) lower HDL cholesterol levels than women because HDL cholesterol
levels are increased by estradiol and decreased by testosterone. Overweight and obesity as well
as smoking decrease HDL cholesterol whereas regular aerobic exercise and moderate alcohol
intake increase HDL cholesterol levels. In addition to some lipid modifying drugs described
below, there are several medications which as side affects alter HDL cholesterol levels. Notably
androgens, progestins and anabolics, some diuretics and beta blockers decrease HDL
cholesterol whereas estrogens, niacin, and some anti-convulsives are known to increase HDL
cholesterol.

Clinically most relevant is the frequent association of low HDL cholesterol with overweight or
obesity, hypertriglyceridemia, latent or overt type 2 diabetes mellitus, and hypertension, (i.e.,
with components of the metabolic syndrome). Therefore and because low HDL cholesterol is a
risk factor of future diabetes mellitus, insulin resistance and metabolic sequelae thereof appear
to play an important role in the determination of HDL cholesterol levels in the population. In
fact, insulin and free fatty acids, which are found at increased concentrations in the metabolic
syndrome, regulate several important steps of HDL metabolism at the transcriptional and post-
translational level (31).



Protective Functions of HDL

The ability of HDL and apoA-I to remove excess cholesterol from macrophages, which are
blood-borne cells that invade into the arterial wall, is beneficial. The removal of the excess
cholesterol from macrophage prevents or reverts overloading of these cells with cholesterol,
their subsequent death and thereby the extracellular deposition of cholesterol in the artery
wall (12;32).

In addition HDL and its lipid and protein components have been reported to have antioxidant,
anti-inflammatory and anti-thrombotic properties. HDL also protects the integrity of he
endothelial cells that line the blood vessels and promote the release of nitric oxide (NO) (Fig. 4)
(33;34;34;34,35;35;35;36;36;36;37,37,37,38;38;38;39;39;39;40;40;41;41;42;42;43;43;44,44,45;
45,46;46;47,47,48;48;49). In this regard it is important to note that mass spectrometric
analyses of HDL identified the presence of more than 50 different proteins that are associated
with HDL many of which are not typical apolipoproteins but proteins involved in the regulation
of inflammation (3). Also the lipid moiety of HDL is very heterogeneous and includes not only
inert cargo but also bioactive lipids such as sphingosine-1-phosphate (49).

The antioxidant activity of HDL protects and reverts oxidation of LDL, which is an early event in
the formation of atherosclerotic lesions and promotes inflammation in the artery wall
(34;34,44,44,45;45;50). HDL promotes the production of NO in endothelial cells by the enzyme
endothelial nitric oxide synthase (eNOs) through different mechanisms. These mechanisms
involve the interaction of HDL with the HDL receptor SR-BI (41;43) and sphingosine-1-
phosphate receptors (51). Through the anti-inflammatory properties, HDL prevents the release
of pro-inflammatory mediators (such as interleukin-1f3 or the synthesis of serum amyloid
protein A by the liver, macrophages and other leukocytes (40;52;52-54). Through its anti-
thrombotic properties, HDL promotes blood flow, inhibits formation of thrombin and prevents
activation of platelets and alterations of the surface of the endothelial cells that could lead to
the formation of thrombus (41;52;52). HDL also helps maintain the integrity of the endothelial
cells by promoting the migration of the endothelial cells to the denuded areas of the vessel wall
and this process leads to re-endothelialization (41;42;42). All these properties may contribute
to atheroprotection by HDL through mechanisms that are only partially understood at the
present time (55) (Fig. 5).

The beneficial effect of HDL on the arterial wall was also demonstrated in subjects with
heterozygous deficiency of ABCAL. Low HDL levels in these subjects were associated with
impairment in NO bioactivity and this defect could be corrected by infusion of artificially
reconstituted HDL particles (56).
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Figure 5: Anti-atherogenic properties of HDL

HDL and Atheroprotection

HDL has been implicated in the inhibition or the regression of atherosclerosis in humans and
experimental animals (57-59). Initial studies showed that transgenic mice that overexpress the
apoA-| gene in the atherosclerosis-susceptible mouse lines protected the mice from
atherosclerosis in response to a high fat diet, as compared to non-transgenic control mice
placed on the same diet (60). The same effect was observed in atherosclerosis-prone, apoE-
deficient mice, in which the expression of the apoA-I gene significantly reduced lesion
formation of atherosclerotic lesions (61). Similar results were obtained in other atherosclerosis-
prone mouse (62;63) and rabbit (64) models, as well as by apoA-I gene therapy experiments in
atherosclerosis-prone mouse strains (65-68).

It remains a paradox that apoA-I deficient mice that lack HDL did not develop atherosclerosis on normal
or atherogenic diets (69). It is possible that apoE and apoE containing HDL (11) may assume some of the
anti-atherogenic functions of apoA-l and HDL. Findings in humans of HDL deficiency syndromes have
however also been inconclusive, and defects in major HDL genes such as APOAI, LCAT and ABCA1 in
individual subjects, have not consistently translated into the expected increased risk of atherosclerosis
(70-72)(73).



The Beneficial Effects of Raising HDL

The Framingham Study in the United States, the PROCAM study in Germany and several other
population studies have shown an inverse correlation between HDL cholesterol levels and the
risk of developing premature coronary heart disease (57;74-77). On this basis, other authors
calculated that an elevation of HDL cholesterol by 1 mg/dL (about 0.025 mmol/L), reduces the
risk of having a CHD event by 2.5%. The risk is independent of the LDL cholesterol level. Low
HDL cholesterol increases the risk for heart disease in people with low intermediate or high LDL
cholesterol levels. The existing evidence suggest that low concentration of HDL cholesterol is a
predictor of CHD, independent of LDL cholesterol, plasma triglyceride, body weight or the
presence of diabetes.

The beneficial effects of raising HDL to protect from coronary artery disease has been
suggested by several clinical intervention studies. An early clinical treatment study showed that
raising HDL with the drug niacin decreased significantly the major coronary heart disease
events by 14% and decreased mortality. In another study, treatment of survivors of myocardial
infarction (heart attack) with niacin reduced the coronary heart disease mortality by 36% and
the total mortality by 26% (78).

In the HDL Atherosclerosis Treatment Study (HATS), patients with coronary disease and low
plasma HDL levels were treated with simvastatin, a cholesterol-lowering drug, and niacin. This
treatment reduced LDL cholesterol (bad cholesterol) by 42% and increased HDL cholesterol
(good cholesterol) by 26%. More importantly, the average coronary stenosis progressed by
3.9% with placebo and regressed by 0.4% in the treated group. The frequency of a clinical
cardiovascular end point was 24% in the placebo group and 3% in the treated group. All these
beneficial changes were statistically highly significant (79). In another study, treatment of
patients with a combination of statins and extended release niacin (Niaspan) increased HDL
cholesterol by 21% and caused a statistically significant decrease in the thickening of the carotid
arteries in the group of treated subjects within 24 months (79;80;80;81;81;82). It may be noted,
however, that both these studies were carried out with a rather limited number of patients and
that larger studies are needed to confirm these results.

Treatment of 4,081 subjects with coronary heart disease and relatively high plasma cholesterol
(270 mg/dl) in the Helsinki Heart Study (HHS) with gemfibrozil increased HDL cholesterol by
11%, decreased plasma cholesterol and triglycerides by 10 and 35%. The combined
improvement of the lipid profile reduced by 34% the incidence of total coronary heart disease
events over a five-year period. Similarly, in the Veteran’s Affairs High Density Lipoprotein
Intervention Trial (VA-HIT), treatment of 2,531 subjects with low HDLc and LDLc with
gemfibrozil increased HDL by 6%, reduced triglycerides by 31% and reduced the incidence of
myocardial infarction and death by 22% (83).

Based on the above data, the most effective available treatment for raising HDL levels appear
to be a combination of niacin with statins and the different brands of fibrates alone or in
combination with niacin.

It has been suggested that acute administration of artificially constructed HDL containing apoA-I
and phospholipids can stabilize unstable plagues and reduce inflammation. This hypothesis was
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tested in two studies. In a small scale experimental treatment, intravenous administration in
five doses at weekly intervals of 15 mg/kg of one preparation containing apoA-I Milano in
patients with acute coronary syndrome caused small, but statistically significant reduction of
coronary atherosclerosis, as determined by intravascular ultrasound (59). However, the small
number of patients studied and the absence of a dosage effect necessitates that these
suggestive findings are confirmed in larger studies. Another study of similar design using
another type of artificial HDL did not demonstrate any protective effect (84).

Potential Therapeutic Targets to Increase HDL Levels Without Affecting
the Functions of HDL

Based on our current understanding of the HDL field, one can envision the following avenues
for increasing the HDL levels in ways that produce functional HDL that promotes
atheroprotection:

1- Increase the expression of apoA-l or ABCAL1 genes, or both. Based on genetic data of
humans and studies of transgenic mice, increases in either apoA-I or ABCA1 generate
functional and atheroprotective HDL and support cholesterol removal from lipid-laden
macrophages.

2- Increase the expression of LCAT. Based on our data, increased expression of LCAT can
correct low HDL syndromes that result from LCAT insufficiency.

3- Increase the expression of lipoprotein lipase. Numerous studies have established an inverse
correlation between plasma triglyceride levels (which result from a decrease in lipoprotein
lipase activity) and HDL levels. Based on our data, hypertriglyceridemia in experimental
animals and low HDL levels that result from specific structural alterations in apoA-I can be
corrected by treatment with lipoprotein lipase.

Existing data suggest that inhibition of other steps of the HDL pathway (i.e., CETP, SR-BI) may
increase HDL cholesterol levels but may not provide the desired atheroprotective effects.
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