Chapter 5
Is Low HDL Cholesterol a Marker
or a Mediator of Cardiovascular Disease?
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Abbreviations

APOAI Apolipoprotein A-I

ApoB  Apolipoprotein B

CVD  Cardiovascular disease

FH Familial hyperlipidemia

HDL  High-density lipoprotein

IDL Intermediate-density lipoprotein
LCAT Lecithin-cholesterol acetyltransferase
LDL  Low-density lipoprotein

LDL-C Low density lipoprotein- cholesterol
LDLR Low density lipoprotein receptor
VLDL Very-low-density lipoprotein

HDL Cholesterol and HDL Particles, an Important Distinction: It is impor-
tant to understand that HDL particles carry HDL cholesterol, and that changes in
HDL cholesterol may not indicate changes to HDL particle numbers. Indeed, some
pharmacotherapies that increased HDL cholesterol (for example CETP inhibitors)
increase the cholesterol content of HDL (by increasing the size of the particle) with-
out increasing particle numbers. This distinction is important as we discuss below
the many functions of HDL.

1. Reverse Cholesterol Transport

Reverse cholesterol transport was first defined by John Glomset [1] in the early
1960s as the capacity of HDL particles to transport cholesterol from the periphery
to the liver for excretion. This concept of reverse cholesterol transport was mostly
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based on in vitro studies examining the ability of Apolipoprotein A-I to esterify
cholesterol through LCAT and has been used to explain the protective properties
of HDL. The idea gained wide spread acceptance with the publication of the initial
Framingham study revealing that greater HDL cholesterol levels were associated
with decreased CVD risk [2]. Over the last 50 years, several studies emerged sup-
porting a different role for Apo A-I and HDL in cardiovascular disease. HDL forms
after the secretion of disc-shaped apo A-I containing particle by hepatocytes and
enterocytes, known prebeta-1 HDL. Apo A-I on this nascent HDL particle activates
the adenosine triphosphate (ATP)-binding cassette (ABC) protein, ABCA1, on the
surface of peripheral cells, including macrophages. Once activated, the ABCA 1
protein transports unesterified cholesterol and phospholipids from the cell onto the
nascent HDL particle. On the surface of HDL particle, the cholesterol is esteri-
fied by lecithin-cholesterol acyl transferase (LCAT) and its cofactor, apo A-I. As
it circulates, nascent HDL particles are transformed into a mature, spherical HDL
particle that contains cholesteryl ester in its core. The current dogma suggests that
HDL returns the majority of circulating cholesterol to the liver and thus acts as the
good cholesterol favoring reverse cholesterol transport. Indeed, over the last 10
years, several large randomized control trials have been designed on this promise
that raising HDL cholesterol lowers CVD risk. The results of the majority of these
studies do not support the concept that raising HDL cholesterol reduces CVD risk.
These recent findings have suggested the need to reexamine our understanding of
HDL biology. In this chapter, I present evidence from both basic and clinical studies
that suggest a cholesterol shuttle function for HDL particles.

1I. HDL functions

1. HDL particles shuttle cholesterol between lipoproteins and are a source for
LDL cholesterol: Emerging evidence suggests that HDL particles acquire and
exchange a substantial amount of cholesterol from and to other lipoproteins and
not just peripheral tissues [3, 4]. It has been shown that cellular unesterified cho-
lesterol is initially taken up by lipid-poor (pre-beta-1 HDL) [5, 6]. However, the
majority of this cholesterol is subsequently transferred to plasma LDL and only a
small proportion (5 %) of it is esterified on HDL before it reaches LDL [7]. This
explains the higher amount of cholesterol that LDL particles carry. Moreover,
patients with Tangier disease who have a defect in ABCA-1 and do not form
HDL cholesterol have reduced levels (50 % decrease) in their LDL cholesterol
content [8].

2. Prebeta-1 HDL particles are not exclusive acceptors of cellular cholesterol,
and VLDL particles are critical for cholesterol return to the liver: The HDL
centric reverse cholesterol hypothesis is based on prebeta-1 HDL initially acquir-
ing free cholesterol from peripheral tissues to be esterified and later circulated to
the liver for excretion. Recent studies support a major role for LDL and VLDL
as cholesterol acceptors in the fasting and post prandial state respectively. It has
long been demonstrated that red blood cells are major storage sites of the circu-
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lating cholesterol pool [9, 10]. Four to five hours after fatty meal, the efflux of
un-esterified cholesterol from red blood cells (RBCs) increases; the most potent
acceptor of RBC cholesterol are chylomicrons and VLDL, while low levels of
HDL do not limit cholesterol efflux from the cells [11]. More recently, infusion
of reconstituted HDL in humans was shown to “shuttle” cholesterol into VLDL
particles, where VLDL metabolism became the primary mechanism for the abil-
ity of plasma to move cholesterol from cells to the liver [12]. In agreement, a
kinetic study of lipoprotein metabolism demonstrated that the majority (70 %) of
cholesterol ester transfers back to the liver on VLDL [13].

. LDL particles are a major storage site for cholesterol esters in plasma: In

fasting plasma, LDL un-esterified cholesterol was the only source of cholesterol
for esterification. Based on these findings it appears that regardless whether the
initial acceptors are prebetal HDL, chylomicrons or VLDL, cellular un-esteri-
fied cholesterol passes through LDL [3].

. HDL cholesterol sources and fates: The HDL cholesterol pool is primar-

ily a function of the ABCA-1, ABCG1, SR-BI transporters and CETP activity.
ABCA-1 activity in the liver, intestine and adipose tissue [ 14] substantially con-
tribute to the formation of lipidated Apo A-I and thus formation of HDL cho-
lesterol. On the other hand, steroidogenic organs such as the ovaries and the
adrenals expressing high levels of SR-BI transporter can exchange HDL choles-
terol. In metabolic diseases such as obesity, CETP is a major factor in shuttling
cholesterol between LDL and HDL particles. Importantly, macrophage choles-
terol constitutes less than 5% of HDL’s cholesterol [15]. Thus, changes in HDL
cholesterol levels may not imply that cholesterol is moving out of macrophages,
and changes in macrophage cholesterol efflux may not result in increases in HDL
cholesterol levels. Although HDL is involved in returning cholesterol to the liver,
this likely constitutes a minor HDL function, and perhaps a minor mechanism for
reverse cholesterol transport in humans. The increased ratio of phospholipid to
cholesterol on the HDL surface suggests that HDL’s role in cholesterol transport
is through facilitate cholesterol delivery to the adrenals and steriodogenic organs
to maintain steroid and sex hormone synthesis, perhaps through SR-BI receptors.
One example is through a study by Vergeer et al [16] showing that carriers of
a genetic defect in the SR-BI transporter with increased concentrations of HDL
cholesterol have impaired adrenal and platelet functions.

. Apo A-I, the major HDL protein, protects against vascular inflammation

and oxidation of LDL particles: Infusing rabbits with increasing doses of
Apo A-I reduces markers of vascular inflammation (ICAM and VCAM) [17],
whereas infusion of recombinant HDL reduced both measures of atherosclerosis
and these markers of inflammation [18]. There are human studies suggestive that
low HDL-C is associated with increases in vascular measures of inflammation,
and that HDL isolated from research participants following the ingestion of a
polyunsaturated diet can reduce these markers of inflammation [19]. In addi-
tion to its capacity to reduce vascular inflammation, Apo A-1 or HDL appear
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to reduce the susceptibility to LDL oxidation. Infusion of human apoA-I into
human recipients results in LDLs becoming resistant to oxidation and being less
effective in inducing monocyte chemotactic activity in a human artery wall co-
culture [20]. However, it is important to note that studies infusing Apo-I or HDL
and demonstrating beneficial clinical outcomes in humans are to date lacking.

6. Complexity of the HDL proteome suggests pleiotropic HDL functions:
Recent proteomic studies suggest that HDL particles are highly complex [21-
23]. For example, HDL enriched with complement proteins implicate functions
related to the immune system. One particular example is illustrated by ApoLl.
Patients lacking ApoL1 in their HDL’s are at an increased risk of developing a
Trypansomal infection [24]. Enrichment of HDL with SAA after inflammation
assists in clearing of cellular cholesterol after macrophage induced cytotoxicity
of microbial cells [25]. In addition, SAA enriched HDL has a strong affinity to
SR-BI (highly expressed in the adrenals) [26] suggesting a mechanism for sup-
plying cholesterol to assist with increased cortisol production during periods of
stress.

Important Advances

A. Lessons learned from CETP inhibition:

CETP evolved with higher species (rabbits to primates) perhaps as a mechanism
to accommodate an increase in cholesterol turnover by facilitating cholesterol
exchange between HDL and VLDL particles. The rationale for inhibiting CETP
was based on that CETP inhibition raised HDL cholesterol, lowered LDL cho-
lesterol and that in some families loss of function mutations in CETP activity
was associated with longevity. To date, interventional studies using three CETP
inhibitors did not demonstrate improvements in cardiovascular risk. Three CETP
inhibitor trials to date did not reveal CVD benefit, and in fact one of these tri-
als revealed harm (Illuminate trial [27]). CETP inhibition represents the fallacy
of good and bad cholesterol concept. As discussed before, a key kinetic study
revealed that around 70 % of cholesterol is returned to the liver via VLDL by
CETP mediated transfer. Thus, inhibiting CETP will force reverse cholesterol
transport through HDL, a mechanism that may not be very efficient with con-
comitant use of statins that are known to upregulate the liver LDL receptor (in
anticipation for cholesterol getting returned to the liver on VLDL and LDL).
Moreover, increasing HDL-C by CETP inhibition will favor SR-BI uptake not
only in the liver, but also in the adrenals, or any tissues expressing high levels of
SR-BI. Thus, it is not surprising that in the Illuminate trial [27] blood pressure
was elevated in the Trocetrapib arm. This could represent an increase in HDL
mediated activation of the steroidogenic aldosterone pathway in the adrenals that
preferentially express SR-BI receptors.
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B. The LDL receptor and the ABCA-1 transporters in atherosclerosis:

Insights from Tangier’s Disease and Familial Hyperlipidemia (FH) underpin
important differences of HDL and LDL functions on atherosclerosis. FH is a
common genetic disorder characterized by a defect in the LDL-R. Homozy-
gous mutations lead to atherosclerosis in early childhood, whereas heterozygous
mutations are more common and lead to atherosclerosis later childhood and into
adulthood if untreated. The loss of the liver LDL receptor function is a bottle
neck for reverse cholesterol transport as the majority of cholesterol esters are
returned to the liver through the LDL-receptor. There is a futile increase in CETP
activity in FH that compounds the defect in apoB clearance. In this situation,
CETP activity favors increased HDL catabolism and explains the lower HDL-C
levels seen in FH [28]. Thus, the liver LDL receptor is critical in LDL cholesterol
re uptake for catabolism. Macrophages can take up LDL cholesterol without
relying on the LDL receptor to (through scavenger receptor A and pinocyto-
sis) [29]. The excess in circulating lipoproteins as a result of cholesterol clear-
ance favors foam cell formation and atherosclerosis development. These events
clearly demonstrate that excess cholesterol “exposure” as a function of defective
liver clearance is atherogenic, and mechanisms to reduce atherosclerosis may
depend on improving cholesterol clearance. In contrast to the importance of the
liver LDL-receptor in atherosclerosis, the link between ABCA-1 activity and
atherosclerosis is less clear. A recent study by the Parks Lab [30] suggested that
ABCA-1 deletion in the liver did not accelerate atherosclerosis despite major
reductions in HDL cholesterol content. This has implications on any strategy that
raises HDL cholesterol through inhibiting its liver metabolism such as the newer
anti-mir33b therapies. Mir-33 is a microRNA that inhibits ABCA-1 expression
and regulates liver cholesterol metabolism [31]. Inhibiting mir-33 in the liver
leads to increases in HDL cholesterol and decreases in triglycerides [32] and
currently in the pipeline for human studies. However, it is not clear that increas-
ing HDL cholesterol by making more liver HDL is atheroprotective, given the
fact that HDL cholesterol exchanges its cholesterol with LDL without an over-
all effect that alters cholesterol excretion. Patients with Tangier’s Disease have
a complete loss-of-mutation in the ABCA-1 transporter, a critical membrane
protein for lipidating Apo A-I and thus forming HDL. However, patients with
Tangier have decreased LDL cholesterol reflecting the important concept that
HDL-C substantially contributes to LDL-C content. Thus, the net effect is “less”
exposure to cholesterol compared to the environment of FH. Clinically, patients
with Tangier’s Disease have a modest increase in the risk of premature CVD
compared to FH, appearing later in life [8]. They have neurologic deficits and
characteristic orange colored tonsils that likely reflect cholesterol accumulation
in macrophages [8]. Moreover, the “less severe” loss-of-function mutations in
ABCA-1 transporter that are associated with decreases in HDL-C are not associ-
ated with increased CVD risk [33] in one large prospective Danish population
study. These findings suggest that changes in HDL cholesterol per se may not
be critical to the development of atherosclerosis, and perhaps a marker of other
diseases (such as metabolic diseases in case of increased CETP function).
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C. Is raising HDL cholesterol a good target for decreasing heart disease risk?
To date, two randomized clinical trials involving CETP inhibitors [27, 34], and
two niacin trials [35, 36] did not translate into decreased CVD outcomes. These
findings raise an important question on the futility of raising HDL cholesterol.
Indeed, deleting the major transporters known to contribute to macrophage cho-
lesterol efflux and reverse cholesterol transport does not change HDL cholesterol
levels. The macrophage cholesterol content is a very minor contributor to the
HDL cholesterol pool [15, 37]. Another example of the discrepancy between
HDL cholesterol levels and atherosclerosis is through studies involving the
SR-BI receptor. SR-BI overexpression increases RCT through increased HDL
particle uptake into the liver. In animal studies, the result is decreased athero-
sclerosis coupled with a decrease in HDL cholesterol [38]. Thus, mechanisms
that increase HDL cholesterol by blocking its liver uptake may retard reverse
cholesterol transport. The implications of the above mentioned studies are par-
ticularly relevant to niacin. Niacin increases HDL cholesterol, possibly by inhib-
iting HDL uptake into the liver, and to a lesser extent by increasing Apo A-I
levels. This mechanism may not imply that cholesterol is being transported out
of macrophages. However, niacin can lower LDL-C and triglyceride levels and
these are potentially be atheroprotective changes. Recent clinical studies (AIM
HIGH [35] and HPS-2 thrive [36]) with niacin added on top of statins highlight
our knowledge gap in the role of raising HDL-C as a target for therapy to lessen
the CVD burden. Recent studies have highlighted a potential role for cholesterol
efflux as a metric of HDL functions representing a better index of reverse cho-
lesterol transport than HDL cholesterol [39, 40]. However, the determinants of
cholesterol efflux are not yet fully understood.

D. Apo A-I raising therapies:

An alternative strategy for raising HDL cholesterol is through increasing Apo
A-I levels. As discussed above, animal and early clinical human studies clearly
demonstrate that Apo A-I protects against atherosclerosis through its effect on
modulation vascular inflammation and reducing LDL oxidation [17-20]. Over
the last 10 years, Apo A-I and HDL infusion therapies [41-43] were shown to
reduce the severity of atherosclerosis using intravascular ultrasound studies of
coronary arteries (IVUS). In addition to Apo A-I infusion therapies, promoters
of apoA-I synthesis (RX208) [44] and Apo A-I mimetic peptides were developed
[45]. We are still awaiting randomized clinical trials of these Apo A-I therapies
using clinical endpoints. The main barriers to the progression of these studies
have been their toxicity profiles [46] or their methods of administration.

Summary

Raising HDL cholesterol as a sole target of therapy appears to be a futile strategy.
Most of the cholesterol on HDL comes from the liver and intestine. Raising it adds
more cholesterol into the system, and shuttling this cholesterol into LDL particles
can be atherogenic. Macrophages do not store much cholesterol. Therapies that can
increase cholesterol efflux out of macrophages are unlikely to change HDL cho-



5

Is Low HDL Cholesterol a Marker or a Mediator of Cardiovascular Disease? 87

lesterol unless they simultaneously move cholesterol out of the major cholesterol
stores. One major gap in the field is a reliable marker of macrophage reverse cho-
lesterol transport, and cholesterol efflux might represent such a metric. Develop-
ment of such an index can help inform us on interventions favor an atheroprotective
cholesterol transport. Thus, low HDL cholesterol is a marker and not a mediator
of cardiovascular disease. Apo A-I has atheroprotective activities, but the develop-
ments of such therapies have been hampered with toxicity profiles or the methods
of administration. It is likely that raising HDL cholesterol by increasing Apo A-I is
atheroprotective, but more definitive answers await randomized clinical trials.
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