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It has been over 50 years since the respective pro- 
and anti-atherogenic effects of LDL and HDL 
were first described [1], but the main focus has 
been on developing agents for decreasing LDL-
cholesterol (LDL-C). There is now great interest 
in identifying new agents for raising HDL or 
for improving its function, with the expectation 
that a combined approach of simultaneously 
lowering LDL and raising HDL will be more 
effective in reducing cardiovascular events than 
only lowering LDL, which in most trials reduces 
clinical events by only approximately 30% [2–5]. 
Currently, the most effective drug for increas-
ing HDL is niacin but its use has been limited 
because of side effects, although newer slower 
release formulations of niacin coupled with selec-
tive prostaglandin D2 receptor antagonists may 
ameloriate this problem [6]. Cholesteryl ester 
transfer protein inhibitors are also an effective 
way to elevate HDL but the recent setbacks of 
the late-stage clinical trials of torcetrapib, perhaps 
due to unanticipated off-target effects, has delayed 
the development of this class of drug [7–9].

Besides creating small-molecule-type drugs, a 
new treatment strategy has been described for 
acutely raising HDL that involves the infusion 

of synthetic or reconstituted HDL or HDL 
mimetics [10–12]. This treatment approach can be 
viewed as a replacement-type therapy because, as 
opposed to the chronic use of a drug to increase 
endogenous levels of HDL, HDL or HDL 
mimetics from an exogenous source are admin-
istered to a patient. The rationale behind this 
therapy is that it has been observed that HDL 
infusion can have a surprisingly rapid effect in 
reducing plaque volume in both animal models 
and humans, and thus it could quickly stabilize 
patients with acute coronary syndrome, who are 
at great risk of myocardial infarction [13,14]. In 
this review, we will first discuss the anti-athero-
genic mechanisms of HDL. Next, we will review 
the different types of HDL-replacement agents 
that are currently being investigated, as well as 
their possible clinical indications besides the 
prevention of myocardial infarction.

HDL protective mechanisms
Reverse cholesterol transport
It has long been considered that the main athero-
protective mechanism of HDL is related to its 
ability to facilitate the reverse cholesterol trans-
port pathway (Figure 1), the pathway by which 
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excess cholesterol from peripheral cells, such as macrophages, in 
the vessel wall is transported to the liver for excretion [15]. The 
first step in this pathway begins with the biogenesis of HDL, 
which occurs mostly in the liver [16] and also in the intestine [17]. 
Phospholipids and most likely cholesterol are added to ApoA-I, 
the main protein constituent of HDL, by the ATP-binding cas-
sette (ABCA1) transporter [18]. ApoA-I is secreted from the liver 
and intestine in a relatively lipid-poor state and acquires additional 
lipid in the extracellular space by the ABCA1 transporter, forming 
nascent discoidal type structures, which have a pre-β-type migra-
tion on agarose gels [19]. These nascent HDL particles can then 
acquire additional cholesterol and phospholipid after interaction 
with the ABCA1 transporter on peripheral cells. Macrophages in 
particular are heavily dependent upon this pathway because in the 
absence of a functional ABCA1 transporter, as occurs in Tangier 
disease, there is a marked accumulation of cholesteryl esters in 
macrophages. Other transporters, in particular ABCG1 [20] and 
scavenger receptor class B type I (SR-BI) [21], may also participate 
in the efflux of excess cholesterol from cells. In addition, there is 
a spontaneous bidirectional exchange of cholesterol between cell 
membranes and extracellular lipoproteins [15]. These alternative 
pathways differ from ABCA1 in that they largely promote choles-
terol efflux to mature lipid rich forms of HDL, which are spherical 
in shape and migrate in the α-position during electrophoresis. 

There appears to be synergy and coordinate regulation between 
these different cholesterol efflux pathways, at least for ABCA1 
and ABCG1 [22,23]. Knocking out both genes in mice results in 
a much more profound increase in macrophage cholesteryl ester 
accumulation than knocking out just one of the genes.

Lecithin:cholesterol acyltransferase (LCAT) is a serum enzyme 
produced mostly by the liver (Figure 1). It is believed to play a criti-
cal role in the reverse cholesterol transport pathway by converting 
cholesterol to cholesteryl esters [24], which partition into the core 
of HDL and convert discoidal shaped HDL to the more mature 
spherical shaped HDL, the predominant form found in serum [25]. 
The esterification of cholesterol, which increases its hydrophobic-
ity, also prevents the spontaneous back exchange of cholesterol 
from HDL to cells, thus facilitating its net removal from cells.

The next step of this pathway involves the delivery of cholesterol 
to the liver (Figure 1). This has been proposed to occur by a direct 
route via the SR-BI receptor, which promotes the selective uptake 
of cholesteryl esters from HDL [26]. In addition, at least in rabbits, 
approximately half of cholesterol on HDL is returned indirectly 
to the liver by the hepatic uptake of LDL, after cholesteryl esters 
from HDL are transferred to LDL and other apoB-containing 
lipoproteins in exchange for triglyceride by the cholesteryl ester 
transfer protein [27]. Hepatic cholesterol can then be directly 
excreted into the bile or excreted after first being converted to a 

bile salt, which is largely regulated by 7-α 
hydroxylase [28].

Pleiotropic anti-atherogenic  
effects of HDL
In addition to promoting reverse cho-
lesterol transport, there have been many 
reports of other salutary effects of HDL 
in reducing atherosclerosis, which are 
listed in Box 1. Almost every step in the 
pathogenesis of atherosclerosis appears to 
be favorably affected by HDL, which may 
account for its potent effect in preventing 
atherosclerosis. In the plasma compart-
ment, HDL has been shown to prevent 
endothelial dysfunction. For example, it 
inhibits the expression of adhesion pro-
teins by endothelial cells [29], which medi-
ate the initial attachment and infiltration 
of monocytes into early plaques. HDL 
also has favorable effects on the vaso-
motor tone of vessels, by promoting the 
NO production of endothelial cells [30], 
which increases vasodilation and sup-
presses smooth muscle cell proliferation 
in plaques. HDL reduces platelet activa-
tion [31] and promotes fibrinolysis [32], 
and thus may inhibit the formation of a 
thrombus over ruptured plaques. It may 
also reduce intraplaque hemorrhage and 
plaque progression. Inside the vascular 
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Figure 1. Reverse cholesterol transport pathway. ApoA-I acquires lipid in the liver 
and intestine to form nascent discoidal shaped HDL. This form of HDL can then efflux 
cholesterol from peripheral cells and return it back to the liver for excretion into the bile. 
This can occur either by hepatic uptake by SR-BI or by uptake of LDL after cholesteryl 
esters are transferred to LDL from HDL by CETP.  
ABCA1: ATP-binding cassette transporter A-I; ApoA-I: Apolipoprotein A-I; 
CE: Cholesteryl esters; CETP: Cholesteryl ester transfer protein; LCAT: Lecithin:cholesterol 
acyltransferase; LDLR: LDL receptor; SR-BI: Scavenger receptor B-I; TG: Trigylcerides.
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wall, HDL appears to have anti-inflammatory effects by reducing 
proinflammatory cytokine and chemokine production [33–36]. It 
also transports several anti-oxidants and enzymes that can break 
down and neutralize lipid hydroperoxides [37]. Furthermore, it 
can sequester oxidized lipids and thus may reduce the formation 
and cell damage from oxidized LDL.

Recent findings have also established a connection between 
HDL and other disorders associated with cardiovascular disease, 
such as metabolic syndrome and diabetes. It was discovered that 
apoA-I activates AMP-activated protein kinase (AMPK), and 
thus stimulates glucose uptake in myocytes [38]. Consistent with 
this finding, apoA-I knockout (K/O) mice were found to be 
insulin resistant and have increased fat content. It was recently 
demonstrated that mice with selective impairment of ABCA1 
in β-cells have impaired glucose tolerance and defective insulin 
secretion [39]. ABCA1 is a binding partner of apoA-I and the 
mechanism connecting ABCA1 deficiency and β-cell impair-
ment was found to be accumulation of cholesterol in β-cells due 
to its defective removal. Furthermore, HDL in diabetic patients 
has been shown to be altered in some way so that it is dysfunc-
tional. For example, HDL is enriched in triglyceride in diabetic 
patients [40], leading to HDL that is less effective in counter-
acting the inhibition of endothelium-dependent vasorelaxation 
induced by oxidized LDL [41]. HDL from diabetic patients also 
has decreased ability to metabolize oxidized palmitoyl-arachido-
nylphosphatidy l-choline, a major product of LDL oxidation and 
a paraoxonase-1 substrate, and is impaired in ABCA-I-mediated 
cholesterol cellular efflux [42]. Infusion of reconstituted HDL in 
diabetic patients was shown to restore endothelial function by 
increasing NO production [43].

It is perhaps surprising that there is such a multitude of mecha-
nisms for the atheroprotective effect of HDL, particularly for 
those processes that are seemingly unrelated to cholesterol metab-
olism. As has been previously proposed, this may be due to a dual 
role of lipoproteins in innate immunity [44–46]. It is also important 
to note that HDL is a complex and heterogeneous collection of 
lipoproteins, with multiple subfractions [47,48]. It also contains 
over 40 different proteins, each of which could potentially alter 
cell function [49]. HDL also transports many different types of 
lipids, some of which are delivered to cells and are known to be 
potent bio active molecules, such as sphinosine-1-phosphate [50]. 
Furthermore, the ability of HDL to remove excess cholesterol 
from cells can lead to many changes in cell function and gene 
expression. This is not unexpected given the abundance of cho-
lesterol in cells and its importance in the structure and function 

of membrane proteins. For example, removal of excess choles-
terol from cells facilitates signaling by the TGF-β receptor, which 
reduces cell proliferation in plaques [51,52]. Other recent studies 
have shown that reducing the cholesterol content of macrophages 
prevents their apoptosis and results in numerous gene expression 
changes, some of which may lead to the migration of macrophages 
out of the vessel wall [53]. The reduction of cholesterol in plaques 
from HDL may, therefore, not only be from cholesterol efflux 
from cells in the plaque but also from the egress of cholesterol-
loaded cells from the plaque and perhaps may also be due to a 
reduction in the infiltration and retention of lipoproteins in the 
vessel wall. In addition to cholesterol, HDL can also promote 
the efflux of oxysterols from cells that are proinflammatory and 
proapoptotic [54]. Thus, some of the pleiotropic effects of HDL 
may still be related to its ability to efflux lipid from cells. However, 
the relative in vivo importance of all these potential beneficial 
effects of HDL in reducing atherosclerosis is not known and 
remains a critical unresolved question in HDL research.

HDL-replacement agents
A list of the possible HDL-replacement agents, which are at various 
stages of development, is shown in TaBle 1. Depending on the source 
material they can be classified as either synthetic or as autologous/
homologous HDL isolated from patients. Based on the compo-
nents of HDL, the synthetic forms of HDL-replacement agents 
can be further subclassified into apolipoproteins, phospholipids 
and enzymes.

ApoA-I
Apolipoprotein A-I is by far the most common protein component 
of HDL and thus is a natural choice in developing a therapeu-
tic HDL-replacement agent. As discussed previously, apoA-I is 
known to play a central role in the ability of HDL to extract 
excess cholesterol from peripheral cells and return it to the liver 
for excretion. The first studies involving the repeated infusion of 
HDL were conducted in cholesterol-fed rabbits [55]. In these pio-
neering studies, it was found that the intravenous administration 
of homologous rabbit HDL into cholesterol-fed rabbits blocked 
the progression of atherosclerotic plaques and could also promote 
plaque regression. Many subsequent studies of purified apoA-I 
reconstituted with phospholipids have confirmed these findings 
in various animal models of atherosclerosis, and they also revealed 
that even a single infusion of HDL can have a significant favor-
able impact on plaque composition and volume [56]. As discussed 
previously, the rapid effect of HDL on plaques is probably not 
only a consequence of stimulating cholesterol efflux, but also the 
ability of HDL to decrease inflammation and to mediate the other 
pleiotropic effects of HDL, which are preserved with reconsti-
tuted HDL. In human studies, infusion of reconstituted HDL has 
been shown to raise HDL-cholesterol (HDL-C) [57], to increase 
fecal sterol excretion [58] and to counteract endothelial dysfunc-
tion [59]. By contrast, infusion of lipid-free apoA-I increased the 
phospholipid content on HDL but did not substantially increase 
HDL-C [60]. These early studies led to the idea of using apoA-I 
reconstituted with phospholipid as a therapeutic agent.

Box 1. Pleiotropic effects of HDL.

Inhibit adhesion protein expression • [29]

Increase NO production • [30]

Inhibit platelet activation • [31]

Promote fibrinolysis • [32]

Anti-inflammatory • [33–36]

Antioxidant • [37]

Sequester oxysterols • [54]
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ApoA-IMilano, which was the first apoA-I mutation described 
[61], contains an Arg to Cys mutation at residue 173 and is asso-
ciated with low HDL. This change in the protein enables it to 
form homodimers and heterodimers with other proteins, such 
as apoA-II [62]. This also changes the physical and biological 
properties of the protein and may alter its cholesterol efflux 
properties [63,64]. The free sulfhydryl of ApoA-IMilano may also 
increase its antioxidant effect [65,66]. These potential beneficial 
features of ApoA-IMilano were examined because it was found 
that, despite the fact that heterozygous carriers for this muta-
tion have low HDL, they appeared to have increased longevity 
and less carotid intimal thickness when compared with a cohort 
with similarly low levels of HDL [67,68]. All of these findings 
generated interest in the use of ApoA-IMilano as a therapeutic 
agent (ETC-216), which is a recombinant form of this protein 
produced in Escherichia coli  and complexed with phosphatidyl-
choline [69]. ETC-216 was first produced and investigated by 
Esperion Therapeutics and later further developed by Pfizer.

In the first, and so far only, clinical study of the effect of ETC-216 
in humans, atherosclerosis was assessed by intravascular ultrasound 
on patients with acute coronary syndrome. In this trial, 57 patients 
were given weekly infusions of ETC-216 at 15 and 45 mg/kg or 
placebo for 5 weeks and were assessed by intravascular ultrasound 
at baseline and after the 5-week treatment period. The average 
decrease in plaque volume for the ETC-216 treatment group was 
4.2% compared with baseline, whereas there was a slight increase 
in plaque volume of 0.14% in the placebo group, which was sta-
tistically significantly different from the treatment group. Other 
secondary measures, such as absolute change in plaque volume and 
maximum atheroma thickness, also showed a favorable statistically 
significant improvement. Based on the analysis of the position of 
the external elastic membrane, atheroma volume in the most dis-
eased segments was reduced by 10.9% on average after treatment 
with ETC-216 [70]. However, the reduction in plaque volume was 
less than that observed in some animal studies, which may be a 
consequence of differences in plaque composition between animals 

and humans, such as the relative greater 
abundance of extracellular lipid in human 
plaques. Nevertheless, the observed change 
in plaque volume after only five treatments 
with ETC-216 is more than the change seen 
in plaque volume with the use of statins for 
several years [71,72]. Although not determined 
in this study, treatment with ETC-216 may 
have also changed plaque composition, as has 
been observed in animal studies [73], which 
may translate into a greater effect in reduc-
ing clinical events than what was observed 
for the reduction in plaque volume. A recent 
intravascular ultrasound study of rabbit 
coronary vessels has revealed that perhaps 
higher doses of ETC-216 may be even more 
effective [74]. At a low dose of 5 or 10 mg/kg, 
ETC-216 inhibited plaque progression, but 
it was not until at least the 20 mg/kg dose 

that plaque regression was observed and even greater regression was 
observed at the highest dose of 150 mg/kg. Since ETC-216 was 
well tolerated and showed promising efficacy in decreasing plaque 
size even in the first small clinical study, future clinical trials of 
ETC-216 at higher doses are warranted.

Commonwealth Serum Laboratories (CSL), an Australian com-
pany that specializes in the preparation and purification of blood 
products, is developing wild-type apoA-I as a therapeutic product. 
ApoA-I is purified from human plasma and is also reconstituted 
with soybean phosphatidylcholine at a 1:150 molar ratio, using a 
cholate dialysis method and is referred to as CSL-111. Although 
ApoA-IMilano may have some increased atheroprotective proper-
ties compared with wild-type apoA-I [75], this has not been firmly 
established, and it is clear from numerous epidemiologic and 
animal studies that wild-type apoA-I is also atheroprotective. In 
addition, given the relatively large amount of recombinant ApoA-
IMilano that was used in the initial clinical trials of ETC-216 
(15 and 45 mg/kg), purification of wild-type apoA-I from plasma 
may be a more economical source of material. Several pre clinical 
studies examining the effect of CSL-111 on cholesterol efflux and 
on endothelial function have shown that it behaves similarly to 
reconstituted HDL prepared with ApoA-IMilano [76,77]. Similar 
to the clinical study conducted with ETC-216, the effect of treat-
ment with CSL-111 on patients with acute coronary syndrome by 
intravascular ultrasound was studied in a trial called ERASE [78]. 
However, the study was significantly larger (n = 183) and involved 
only four treatments at either 40 or 80 mg/kg. The overall reduc-
tion in plaque volume, which was the primary end point in this 
study, was similar (3.4%) to observations in the ETC-216 trial 
(4.2%), but it did not reach statistical significance when com-
pared with the placebo group. However, the reduction in plaque 
volume did show a statistically significant decrease when compared 
with the individual baseline for each patient and other secondary 
end points, such as plaque characterization index and coronary 
score, also showed a statistically significant improvement after 
treatment with CSL-111. Treatment with CSL-111, however, was 

Table 1. HDL-replacement agents.

Type Agent Ref.

Synthetic/purified

ApoA-I ApoA-I Milano (ETC-216)
Wild-type ApoA-I (CSL-111)
Trimeric ApoA-I

[64]
[78]
[79]

Apo A-I mimetic peptides D-4F
5 A

[85–88]
[92,94]

Enzymes LCAT [97]

Phospholipids PC-LUVs
Oral PC

[99,104]
[105]

Autologous/homologous

Cholesterol extraction treatment [106]

Phospholipid enrichment treatment [107]

LCAT: Lecithin:cholesterol acyltransferase; LUV: Large unilamellar vesicles; PC: Phosphatidylcholine. 
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associated with transient elevation in serum transaminases, par-
ticularly at higher doses, which was not observed with ETC-216. 
This has been proposed to be due to a large surge of cholesterol 
acutely delivered to the liver by the administered HDL, but it 
could have also been due to the residual cholate that was used in 
the phospholipid reconstitution step for preparing CSL-111 but 
not for ETC-216. Owing to differences in the treatment regimen 
and baseline patient characteristics of the ERASE trial and the 
ETC-216 study, it is not clear whether there is a difference in the 
efficacy of the two forms of apoA-I. Future larger studies based on 
clinical end points, such as myocardial infarction, are necessary 
to establish the utility of either agent.

Another HDL-replacement product based on apoA-I, which is 
being developed Roche, is trimeric apoA-I [79]. As its name implies, 
trimeric apoA-I has three copies of apoA-I per complex and is pro-
duced in E. coli. This is achieved by attaching the trimerization 
domain of the human tetranectin sequence to the amino terminal 
end of apoA-I, which allows the modified apoA-I to trimerize. 
The rationale behind the design of this protein is that this will 
increase the size of the complex and reduce its clearance by renal 
filtration [80,81]. ApoA-I is only 28 kDa in size and is below the 
limit for glomerular filtration. When bound to HDL, however, 
apoA-I is not filtered but when HDL undergoes remodeling by 
the various lipoprotein modifying enzmes, apoA-I can dissociate 
from HDL and be removed by the kidney. In cell-culture studies, 
trimeric apoA-I has been demonstrated to promote lipid efflux by 
the ABCA1 transporter, and in fact, it may be superior to wild-
type apoA-I. The administration of trimeric apoA-I, reconstituted 
with phospholipid, to cholesterol-fed LDLR K/O mice did not 
change total lesion area but did reduce the severity of the lesions, 
as determined by histologic analysis. Treatment with trimeric 
apoA-I also did not have a significant effect on plasma lipids. No 
clinical trials of trimeric apoA-I have been reported to date.

ApoA-I mimetic peptides
A potential major limitation of HDL-replacement therapy with 
apoA-I is the relatively large amount of protein that has to be 
given to achieve a clinical effect. Most recombinant or purified 
therapeutic proteins are potent biological molecules, such as hor-
mones, enzymes or cytokines, which are active when adminis-
tered in nanogram to milligram quantities. In the clinical trials 
of reconstituted ApoA-IMilano or wild-type apoA-I, as much 
as 5 g of the protein was used per dose and multiple treatments 
were given. Creating such large quantities of recombinant or puri-
fied protein suitable for injection into humans is a challenge. In 
addition, the reconstitution of apoA-I with phospholipids creates 
another level of complexity, particularly because multiple forms 
of apoA-I-phospholipid complexes are typically generated during 
this process and the biological properties and therapeutic benefit 
of these different forms of reconstituted HDL are not under-
stood. Another problem is the intravenous route of administration 
needed for reconstituted apoA-I, which makes it impractical for it 
to be used as a long-term treatment. These problems have stimu-
lated interest in the use of synthetic amphipathic peptides that are 
relatively short and inexpensive to produce and can potentially 

be delivered orally. In addition, by the use of structure-function 
studies it should be possible to optimize the biological features 
of such peptides to mimic and maybe even improve upon the 
biological properties of apoA-I.

One of the first apoA-I mimetic peptides designed was the 
18A peptide [82]. It was initially produced not as a therapeu-
tic agent but to understand the structure of amphipathic heli-
ces, which is the main structural motif on apolipoproteins [83]. 
Amphipathic helices are simply α-helical protein segments with 
one face of the helix containing hydrophobic amino acids, whereas 
the other side contains more polar or charged amino acids. This 
enables apolipoproteins to bind to lipids and to stabilize the 
structure of lipoproteins. Short peptides, containing amphipathic 
helices, have also been shown in a nonstereoselective manner to 
promote the efflux of cholesterol from cells by the ABCA1 trans-
porter [84], which as already discussed, is believed to be one of the 
main anti-atherogenic mechanisms of HDL. Most of the work in 
this area has been carried out with the D-4F peptide, so-called 
because it is composed of d-amino acids, enabling it to be orally 
available, since the d-amino acids make the peptide resistant to 
proteolysis in the gut. It is otherwise similar to the 18A helix, 
except for the fact that four residues on the hydrophobic face 
of this helix were changed to phenylalanine (F), which is more 
hydrophobic than the original residues. In an early study of this 
peptide, it was shown that the inclusion of D-4F in the water 
of apoE-K/O mice protected them against atherosclerosis [85]. 
This occurred despite the fact that the oral bioavailability of the 
peptide is relatively low and the concentration of the peptide in 
the plasma compartment was considerably lower than apoA-I. 
It does, however, promote the remodeling of endogenous HDL 
and the formation of pre-β HDL [86]. In addition, D-4F appears 
to have potent anti-inflammatory properties by the sequestration 
of oxidized lipids, which may be the main mechanism by which 
it confers protection against atherosclerosis [87].

A Phase I clinical trial of D-4F was reported recently [88]. In 
this study, 50 subjects at high risk of, or presenting with, coronary 
heart disease received a single oral dose of D-4F, ranging from 30 
to 500 mg/day. The oral bioavailability of the peptide was low: 
less than 1% was absorbed and peak plasma levels only reached 
between 1 and 16 ng/ml. D-4F was well tolerated, with no major 
adverse events attributed to the peptide, and there were no signs 
of toxicity based on clinical laboratory testing. Consistent with 
observations from animal studies [89], oral administration of the 
peptide had no appreciable effect on the level of the various lipo-
proteins, but at the highest doses it did improve the anti-inflam-
matory property of HDL. This was measured by determining the 
ability of fast protein liquid chromatography-purified HDL from 
patients to inhibit LDL-induced monocyte chemotactic activ-
ity in cultures of human aortic endothelial cells. Despite these 
promising preclinical studies and the apparent safety of D-4F, the 
l-stereoisomer of this peptide, referred to as L-4F, is now being 
developed as an intravenous agent by Novartis.

ApoA-I mimetic peptides, which have been reviewed recently [90], 
are currently an active area of investigation by both research labs 
and several large pharmaceutical companies and it is likely that 
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other peptides will shortly undergo evaluation in clinical trials. 
Given the multitude of possible beneficial effects of HDL on 
atherosclerosis, an important unresolved issue in this area is the 
best rationale for the design of such peptides. The majority of the 
new peptides currently being investigated appear to be based on 
optimizing their ability to efflux cholesterol from cells [91–93].

The presence of an amphipathic helix appears to be a key motif 
that is necessary for these peptides to promote cholesterol efflux, 
but peptides with too high a lipid affinity may act nonspecifically 
as detergents and can be cytotoxic. The undesirable features of 
these peptides are limited in the 5A peptide, which is a bihelical 
amphipathic peptide that pairs one high lipid-affinity helix with 
a low lipid-affinity helix, and as apoA-I only, promotes choles-
terol efflux by the ABCA1 transporter [92]. The 5A peptide has 
been shown to increase reverse cholesterol transport in rats and 
to reduce atherosclerosis in apoE K/O mice [94]. Other apoA-I 
mimetic peptides that have been designed specifically to either 
activate LCAT [201], to act as antioxidants [95] or to increase the 
hepatic uptake of lipoproteins have also been described [96].

Lecithin cholesterol acyltransferase 
In addition to apolipoproteins, HDL has several associated 
enzymes that play a key role in lipoprotein metabolism. One such 
enzyme is LCAT, which is also associated with other lipoproteins 
but, as has already been discussed, plays a major role in HDL 
metabolism. By the esterification of cholesterol, LCAT promotes 
the unidirectional flux of cholesterol from cells to HDL and the 
cholesteryl esters formed by LCAT are ultimately delivered to the 
liver for excretion. In addition, in the absence of LCAT, HDL can 
not fully mature and there is a build up of pre-β HDL, which 
is presumably hypercatabolized, leading to an overall decrease 
in HDL. In rabbits [97] and in cholesteryl ester transfer protein-
transgenic mice [98], the overexpression of LCAT has been shown 
to be atheroprotective. No clinical trials have been reported but 
AlphaCore Pharma is investigating recombinant LCAT as a pos-
sible therapeutic agent for enhancing reverse cholesterol transport. 
As there appears to be synergy between LCAT and apoA-I in 
terms of HDL levels, the coadministration of LCAT along with 
apoA-I or an apoA-I mimetic peptide may be a very effective 
approach for reducing atherosclerosis.

Phospholipids
The other main component of HDL besides proteins is, of course, 
lipid and lipid-based HDL-replacement therapies have also been 
described. In fact, the use of lipids, in particular phospholipids, as 
therapeutic agents for reducing atherosclerosis precedes the use of 
apoA-I as a therapeutic agent [99]. The rationale behind this strategy 
is that in vitro phospholipid vesicles, in the absence of any apolipo-
protein, can promote the efflux of cholesterol from cells [100]. This 
probably occurs by a passive aqueous diffusion process, whereby any 
cholesterol that spontaneously desorbs from the cell surface can then 
bind to any extracellular acceptor capable of binding cholesterol, 
such as albumin, cyclodextrin or phospholipid vesicles [15]. Unlike 
apoA-I or apoA-I mimetic peptides, phospholipid vesicles do not 
specifically promote cholesterol efflux by the ABCA1 transporter, 

which is upregulated in cholesterol-loaded macrophages. Recently, 
the ABCG1 transporter (which can efflux cholesterol to phospho-
lipid vehicles) was also found to be upregulated in cholesterol-loaded 
macrophages. However, it may be unnecessary to specifically pro-
mote cholesterol efflux from cells in plaques and then to deliver it to 
the liver for excretion in order to reduce atherosclerosis. Recent cho-
lesterol balance studies in various animal models of genes involved 
in HDL metabolism have questioned the proposed tight linkage 
between HDL levels and the net cholesterol excretion in stool [101]. 
It may be that the initial efflux step of cholesterol from peripheral 
cells is more relevant to the atheroprotective ability of HDL than 
its ability for promoting hepatic cholesterol excretion into the stool. 
Since the cholesterol content of plaques is relatively small compared 
with total body tissues pools, any cholesterol removed from plaques 
by phospholipid vesicles would be expected to re-equilibrate with 
the much larger tissue pools, thus reducing total cholesterol levels 
in plaques. Another mechanism by which phospholipid vesicles may 
be atheroprotective is that they may alter endogenous lipoproteins 
and/or promote the shuttling of cholesterol between HDL and lipo-
somes, which depending on their size, may be too large to enter 
the vessel wall. In fact, it has been shown previously that the intro-
duction of dimyristyl phosphatidylchline vesicles into plasma can 
significantly alter HDL to create pre-β-like HDL particles, which 
then can promote lipid efflux by the ABCA1 transporter [102].

Intravenous infusion of a large quantity of phospholipid 
(300 mg/kg) every other day for a 20-day period has been shown 
to reduce atherosclerotic lesion area in rabbits and to reduce the 
cholesterol content of the vessel wall by nearly 50% [103]. In these 
studies, large unilamellar vesicles of phosphatidylcholine were 
used, which may help to stabilize them from clearance and/or 
degradation in the plasma compartment in the absence of any 
associated protein. One concern with this approach is that 
although infused phospholipid vesicles are cleared by the liver, 
they are primarily removed by Kupfer cells [104] and uptake by 
other macrophages in the vessel wall could potentially accelerate 
atherosclerosis. Phospholipid large unilamellar vesicles (LUVs) 
were being investigated by Esperion Therapeutics and then later 
by Pfizer after it was acquired, but presently it does not appear to 
be actively being developed as a therapeutic agent.

Large amounts of oral soy phospholipids have also been shown 
to significantly increase HDL in clinical trials performed by 
Liponex Inc. The mechanism is not completely known but most 
likely linoleic acid released from the ingested phospholipids stimu-
lates the transcription factor PPAR-γ [105]; thus, the mechanism 
for oral phospholipids is unrelated to what has been proposed for 
phospholipid vesicle infusion [99].

Autologous/homologous HDL
In addition to using largely synthetic components of HDL as 
therapeutic agents, a strategy has been described by Lipid Sciences 
Inc. based on the collection of either autologous HDL from a 
patient or homologous HDL from a donor, followed by a treatment 
to improve its anti-atherogenic properties and then its reinfusion 
into the patient [106]. This involves the treatment of plasma col-
lected from a patient with organic solvents to selectively extract 
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cholesterol from HDL. It has been established previously that the 
phospholipid–cholesterol ratio is a critical factor in the overall 
capacity of HDL to remove and bind cholesterol [15]. The removal 
of cholesterol from HDL and reinfusion back into patients should 
alter the equilibrium between tissue cholesterol and circulating 
cholesterol in plasma lipoproteins to favor increased reverse cho-
lesterol transport. In addition, the delipidation of cholesterol from 
HDL has been shown to transform the mature lipid-rich forms of 
HDL to pre-β-like HDL. This type of HDL-replacement therapy 
is now undergoing Phase I testing. One possible limitation of this 
approach may be the amount of plasma that can be delipidated 
per treatment. It may be insufficient to significantly alter overall 
cholesterol flux in the body. Repeat treatments and/or automat-
ing the lipid extraction step so that it can perhaps be coupled to 
a plasmapheresis-like device to treat large plasma volumes may 
overcome this limitation.

A different approach, involving the phospholipid enrichment of 
HDL, has also been described but has only been tested in vitro [107]. 
During this treatment, HDL is incubated in the presence of phos-
pholipid vesicles along with cholate, which are later removed by 
dialysis. This results in a significant enrichment of phospholipid 
on HDL and increases its phospholipid–cholesterol ratio. HDL 
treated in this way has been shown to have improved ability for 
promoting cholesterol efflux from cells. Treatment of plasma by 
this method and reinfusion could be beneficial in reducing plaque 
size and or composition but has not yet been tested in vivo in 
either animals or humans.

Potential clinical indications for  
HDL-replacement therapy
To date, although the main focus for HDL-replacement therapy 
has been the prevention of myocardial infarction in patients with 
acute coronary syndrome, here we will review other possible clini-
cal indications (Box 2). Presently, most of these other potential 
applications have been investigated only in small pilot studies. 
The ability of HDL to alter many different common disease pro-
cesses, such as inflammation and oxidation (Box 1), does suggest, 
however, that HDL-replacement therapy may be valuable for 
multiple clinical disorders.

Peripheral vascular disease
Besides reducing atherosclerotic plaque in the coronary artery 
vasculature, HDL-replacement therapy is also being considered 
for reducing plaque in other vascular sites that result in disease, 
such as peripheral vascular disease. Currently, there is an ongo-
ing clinical trial examining the effect of reconstituted HDL 
from CSL on peripheral vascular disease. Patients scheduled for 
percutaneous superficial femoral artery revascularization for leg 
claudication are treated with HDL (CSL-111; 80 mg/kg) or a 
vehicle control prior to surgery. The effect of the treatment is 
determined 5–7 days later by a histological and chemical analysis 
of the surgically excised plaques. A preliminary report of the study 
indicated that a single HDL treatment decreased femoral plaque 
endothelial VCAM1 expression, oxygen free-radical generation 
and lipid accumulation [108].

Thrombotic stroke
Low levels of HDL have also been implicated in the development 
of thrombotic stroke due to increased plaque formation in carotid 
arteries [109], hence this is another potential indication for HDL-
replacement therapy. Patients who are not good candidates for 
carotid endarterctomy surgery could potentially benefit from such 
treatment or it could be used as an adjunctive therapy prior to surgi-
cal treatment. A small pilot study examining the effect of a single 
infusion of HDL (CSL-111; 80 mg/kg) on thrombomodularity 
gene expression changes on plaque later removed by carotid endar-
terectomy has also revealed a beneficial effect of HDL treatment in 
terms of a reduced level of tissue factor gene expression [110]. A large, 
double-blind placebo-controlled trial is now planned to examine 
the benefit of HDL for this indication.

Myocardial infarction
HDL-replacement therapy may also have a role after the develop-
ment of myocardial infarction [111]. There has been a great effort 
to find agents that would decrease the ischemia/reperfusion injury 
that occurs after a myocardial infarction, but so far no clinically 
useful agents have been found. Interestingly, it has been observed 
that patients who have a myocardial infarction appear to have 
a better recovery from the event if they have high HDL [112,113], 
which suggests a possible role of HDL in limiting ischemia/rep-
erfusion injury. In isolated rat hearts [114] and in an intact rabbit 
heart injury model [115], it has been shown that HDL infusion 
immediately before or right after cardiac ischemia is protective 
and limits the size of the infarct. The 37pA apoA-I mimetic 
peptide reconstituted with phospholipid was also shown to be 
protective [116]. The mechanism of action of HDL in this disorder 
is unlikely to be related to any enhancement of reverse cholesterol 
transport given the rapidity of the damage that follows ischemia 
and is probably related to one of the pleiotropic effects of HDL 
(Box 1). It was found in these studies that HDL treatment increases 
prostacyclin production, thus increasing blood flow. It also decreases 
TNF-α cytokine production and reduces the expression of VCAM1 
by endothelial cells. HDL has also been shown to be protective 
against ischemia/reperfusion injury in multiple organs following 
hemorrhagic shock [117] and from damage due to organ-specific 
ischemia, such as the kidney [118], intestine [119] and brain [120].

Alzheimer’s disease
There are many links between cholesterol, HDL metabolism and 
the pathogenesis of Alzheimer’s disease (AD) [121]. The brain is 

Box 2. Potential clinical indications for 
HDL-replacement therapy.

Acute coronary syndrome • [69,78]

Peripheral vascular disease • [108]

Thrombotic stoke • [109–110]

Myocardial infarction • [111–116]

Alzheimer’s disease • [133–134]

Chronic renal disease • [136]

Septic shock • [143–146]
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the most cholesterol-rich organ in the human body and HDL is 
the only lipoprotein found in the CNS [122,123], where it is known 
to play a key role in synaptogenesis and in the maintenance of 
synapse plasticity of the hippocampus [124]. The level of HDL-C 
in cerebrospinal fluid of Alzheimer’s disease patients is lower than 
that of the control subjects [125], suggesting that a low HDL in the 
cerebrospinal fluid may be a risk factor for AD. In addition, the E

4
 

polymorphism of apoE, the main HDL protein in cerebrospinal 
fluid, is a known AD risk factor [126]. Epidemiological studies have 
also suggested that an elevated serum total cholesterol level is a 
risk factor for AD and mild cognitive impairment [127]. Finally, 
several studies have also shown that a reduced cellular cholesterol 
level reduces amyloid β-protein generation [128,129].

Based on all these findings statins were tested in clinical trials 
for AD patients and showed some benefit in improving cognitive 
function [130–132]. Amphipathic peptides based on apoE have also 
been shown, in mouse models of AD and brain injury, to reduce 
β-amyloid protein production and inflammation from microglial 
activation [133]. The D-4F peptide, when added to the water of a 
rat model for AD, has also been shown to reduce CNS inflamma-
tion and improve cognitive function [134]. No human studies on 
HDL-replacement therapy for AD have been described.

Chronic renal disease
Recently, it has been appreciated that hyperlipidemia can contrib-
ute to the development of chronic renal disease [135]. Although 
the underlying pathological process of atherosclerosis and chronic 
renal disease are different, there are some similarities, such as the 
deposition and accumulation of excess lipid in the glomerulus. 
LDLR K/O mice on a high-fat diet have been shown to develop 
renal dysfunction and treatment with the apoA-I mimetic pep-
tide, D-4F, produced a considerable effect in this model [136]. It 
improved renal function, as assessed by decreased lipid deposition 
and inflammation in the glomerulus. Since patients with chronic 
renal failure have a marked increase risk in atherosclerosis and 
their main cause of mortality is in fact cardiovascular disease [137], 
this population of patients in particular may benefit from HDL-
replacement therapy. It could potentially help both their renal 
disease and possibly prevent the development of atherosclerosis.

Septic shock
Septic shock, which has an extremely high mortality and for which 
there are currently limited treatment options, is largely mediated 
by endotoxins [138,139]. HDL has been shown in both in vitro and 
in vivo studies to avidly bind and neutralize endotoxins, such as 
lipopolysaccharides [140,141], and the first efforts related to the puri-
fication and production of therapeutic HDL were for its possible 
treatment in septic shock. Furthermore, HDL is known to be 
reduced in septic shock [142], in a magnitude positively correlated 
with the severity of the illness.

Administration of HDL in various animal models has been 
shown to reduce mortality [143,144]. Synthetic amphipathic helical 
peptides have also been shown in mice to reduce the proinflamma-
tory HDL changes that occur during sepsis [145,146]. In healthy sub-
jects, infusion of HDL has been shown to reduce the procoagulant 

state caused by endotoxin exposure and to reduce monocyte acti-
vation and cytokine production [147,148]. To date, no human clini-
cal trials of HDL infusion for septic shock have been described 
but perhaps the availability of the new HDL-replacement agents 
described in TaBle 1 may reignite interest in this area.

Expert commentary & five-year view
Great progress has been made in understanding HDL metabo-
lism, which has made possible the development of various HDL-
replacement agents that are currently being explored. However, 
there are still many unresolved issues concerning how to use HDL 
as a therapeutic agent. First, despite a renewed interest in HDL 
research we still do not completely understand how HDL pro-
tects against atherosclerosis. The prevailing hypothesis is that it 
potentiates the reverse cholesterol transport pathway but the other 
beneficial effects of HDL may also contribute to its atheropro-
tective function. A better understanding of how HDL prevents 
atherosclerosis is critical in the design and optimization of HDL-
replacement agents and also in monitoring the clinical efficacy of 
such drugs or treatments. This is a particularly important issue 
for short apoA-I mimetic peptides, which may not share all of the 
features or biological properties of the full length apoA-I molecule. 
The majority of HDL-replacement agents have employed a combi-
nation of an apolipoprotein or peptide mimic with a phospholipid, 
which makes the production and preparation of these agents more 
difficult and expensive. It is still not clear from most studies to 
what degree the added phospholipid contributes to the observed 
protection against atherosclerosis. The effect of different types of 
phospholipids and/or the optimum ratio of lipid–protein has also 
not been systematically investigated. In both animal and human 
studies, the route of administration of these agents has been pri-
marily intravenous, which would limit the use of this type of treat-
ment to the acute stabilization of patients. Other approaches, such 
as oral administration or subcutaneous injection, may be possible, 
particularly for lipid-free apoA-1 mimetic peptides (e.g., D-4F). 

The most important issue is that only early-stage clinical trials have 
been completed for the various HDL-replacement agents. Although 
data from preclinical animal studies are encouraging and the vari-
ous treatments examined to date appear to be safe, the efficacy of 
this approach has not been fully investigated and no studies based 
on clinical end points have been reported. Therefore, much work 
remains to be carried out before HDL-replacement therapy can be 
added to our standard treatment approach for cardiovascular dis-
ease, but it shows great promise and research in this area has already 
greatly added to our basic understanding of HDL metabolism.
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Key issues

New treatment approaches besides lowering LDL levels are needed to more effectively treat coronary heart disease.• 

HDL reduces atherosclerosis by increasing reverse cholesterol transport but probably also via other mechanisms.• 

Besides small-molecule drugs for raising HDL, infusion of HDL or HDL mimetics may be useful for the rapid stabilization of patients.• 

ApoA-I, the main protein component of HDL, reconstituted with phospholipids, can quickly reduce plaque size after infusion.• 

Small peptide mimics of apoA-I appear to share the same biological properties of full-length apoA-I and thus may be useful as • 
therapeutic agents, similar to ApoA-1.

Other possible HDL-replacement therapies include phospholipids, lecithin:cholesterol acyltransferase and manipulation of autologous or • 
homologous HDL.

Besides preventing myocardial infarction, HDL-replacement therapy may have other indications, such as peripheral vascular disease, • 
thrombotic stroke, ischemia/reperfusion injury and septic shock.

Large-scale clinical trials with clinical end points must be conducted to establish the efficacy of HDL-replacement therapy.• 
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