
This article is available online at http://www.jlr.org Journal of Lipid Research Volume 55, 2014 2007

Copyright © 2014 by the American Society for Biochemistry and Molecular Biology, Inc.

LDL cholesterol (LDL-C) values >190 mg/dl   ( 1 ). A signifi -
cant number of CAD patients, however, display resistance 
to statin therapy. A meta-analysis of seven randomized trials 
indicates that up to 50% of patients receiving intensive 
statin therapy fail to achieve LDL-C goals ( 2 ). This phe-
nomenon has been linked to nucleotide polymorphisms 
in ABCA1 and apoE  � 3 alleles ( 3 ). Other data suggest that 
cytokines and adipokines induce statin resistance by dis-
rupting LDL-receptor feedback mechanisms ( 4, 5 ). Signifi -
cant residual risk may also be present in CAD patients who 
have reduced LDL-C levels with statin therapy, but have 
elevated triglycerides and low HDL cholesterol (HDL-C) 
( 6, 7 ). 

 Results of the Framingham Study showed a strong in-
verse correlation between HDL-C levels and CAD risk, 
even when LDL-C levels were normal ( 8, 9 ). HDL possesses 
anti-infl ammatory and anti-oxidant properties, but its 
principal anti-atherogenic function is thought to be due to 
its ability to mediate reverse cholesterol transport (RCT). 
While macrophages possess a passive diffusion mechanism 
for cholesterol removal, the association of apoA-I with 
ABCA1 allows lipid-poor HDL to act as an active acceptor 
for cholesterol ( 10 ). Mature  � -HDL particles also mediate 
cholesterol effl ux via an interaction with ABCG1 ( 10 ). At 
this point, cholesteryl ester transfer protein (CETP) can 
mediate the exchange of HDL-associated cholesteryl es-
ters for triglycerides derived from apoB-containing lipo-
proteins ( 11 ). The terminal step in RCT is characterized 
by the binding of the apoE component of HDL to one of 
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 The   American College of Cardiology (ACC) and the 
American Heart Association (AHA) provide current treat-
ment guidelines for primary and secondary coronary artery 
disease (CAD) prevention ( 1 ). ACC/AHA recommenda-
tions call for the use of HMG-CoA reductase inhibitors 
(statins) in high-risk patient groups, including those with 
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related to off-target effects ( 25 ). A subsequent trial showed 
that dalcetrapib increased HDL-C in CAD patients by ap-
proximately 30%, but did not improve cardiovascular 
(CV) outcomes ( 26 ). Further, dalcetrapib administration 
was associated with a signifi cant increase in C-reactive pro-
tein and systolic blood pressure. Newer CETP inhibitors 
(anacetrapib and evacetrapib) are currently undergoing 
phase III clinical evaluation ( 27 ). 

 ANTI-ATHEROGENIC EFFECTS OF 
RECONSTITUTED HDL IN ANIMALS 

 Modifi ed forms of apoA-I have been developed as thera-
peutic tools. In the presence of phospholipids, apoA-I forms 
discoidal pre � -like HDL particles that incorporate choles-
terol to yield mature  � -HDL particles ( 28 ). apoA-I Milano  is a 
variant of apoA-I that was originally identifi ed in carriers 
who were at low risk for development of CAD despite pos-
sessing low circulating HDL-C levels ( 29 ). Laboratory stud-
ies showed that recombinant apoA-I Milano  reduced the lipid 
and macrophage content of arteries and reduced lesion 
formation in mouse and rabbit models of atherosclerosis 
( 30, 31 ). While apoA-I Milano  and wild-type apoA-I were 
equally effective in mediating ABCA1-dependent choles-
terol effl ux, the anti-oxidant properties of apoA-I Milano  
were found to be superior to native apoA-I ( 32 ). 

 Recent studies have examined the HDL mimetic prop-
erties of CSL-111 and CSL-112 (CSL Behring, Inc.) ( 33, 
34 ). These are complexes of apoA-I (purifi ed from human 
plasma) and phosphatidylcholine formed by the cholate 
dialysis method ( 34 ). Administration of CSL-111 to 
C57BL/6 mice resulted in an increase in serum pre � -HDL 
and cholesterol content. Ex vivo analyses showed that se-
rum isolated from CSL-111-treated mice possessed en-
hanced macrophage cholesterol effl ux capacity compared 
with serum from vehicle-treated controls ( 33 ). CSL-112 
treatment in rabbits induced a similar increase in plasma-
mediated ABCA1-dependent cholesterol effl ux ( 34 ). CER-
001 (Cerenis Therapeutics, Inc.) is another HDL mimetic 
that is composed of recombinant human apoA-I com-
plexed with phospholipids ( 35 ). It is a potent inducer of 
cholesterol effl ux and possesses anti-infl ammatory proper-
ties. Administration of CER-001 to LDL receptor-null 
(LDLR  � / �  ) mice was shown to reduce both atheroscle-
rotic plaque size and vascular lipid content ( 35 ). 

 RECONSTITUTED HDL AND ATHEROMA 
REGRESSION IN HUMANS 

 Infusion of recombinant human proapoA-I/phospho-
lipid complexes has been shown to transiently increase 
plasma apoA-I and HDL-C levels and stimulate cholesterol 
excretion in humans ( 36 ). Accordingly, several studies 
have tested the effects of reconstituted HDL (rHDL) on 
lesion regression in patients with acute coronary syndrome 
(ACS). Brewer and colleagues showed that delipidation of 
human plasma effectively converts  � HDL to a pre � -like 

multiple LDL receptor subtypes, resulting in the uptake 
and metabolism of cholesterol and lipids ( 12 ). Hepatic 
scavenger receptor class B member 1 (SRB1) also medi-
ates the uptake of HDL-C and rerelease of pre � -HDL 
particles. 

 The concept that HDL may become dysfunctional in 
some disease states is gaining acceptance, and it has been 
suggested that the anti-infl ammatory status of HDL may 
be of greater predictive value for CAD risk than HDL-C 
levels per se ( 11, 13 ). Thus, therapeutic approaches that 
increase the functional properties of HDL may be supe-
rior to simply raising HDL-C levels. In this review, we dis-
cuss recent therapeutic approaches for the management 
of plasma lipids that involve the application of apolipo-
proteins and synthetic apolipoprotein mimetic peptides. 
The apoA-I and apoE mimetic peptides are functionally 
similar to native apolipoproteins, but possess unique 
structural properties. A feature common to these peptides 
is that they have a positive impact on HDL quality and 
function. The apoA-I mimetic peptide 4F inhibits athero-
sclerotic lesion formation in murine models of atheroscle-
rosis by inducing the formation of pre � -HDL particles 
that are enriched in apoA-I and the anti-oxidant enzyme 
paraoxonase-1 (PON-1) ( 14 ). 4F also possesses anti-in-
fl ammatory and anti-oxidant properties that are indepen-
dent of its effect on HDL quality per se. Newer apoE 
mimetics similarly improve HDL quality but have the 
added benefi t that they rapidly clear atherogenic lipids 
from the circulation. 

 CLINICAL TRIALS OF HDL-ELEVATING DRUGS 

 Multiple drug classes (fi brates, niacin, statins) exert 
benefi cial effects on serum HDL-C concentration by stim-
ulating hepatic apoA-I synthesis ( 15–20 ). Widespread use 
of these agents as HDL-raising drugs has been limited due 
to a modest stimulatory effect on circulating levels of the 
lipoprotein. In addition, compliance may be limited by 
unwanted side effects and adverse reactions. The AIM-
HIGH trial was designed to test the effects of Niaspan (ex-
tended release niacin) on outcomes in subjects with 
atherogenic dyslipidemia ( 21 ). Results of this study showed 
that combined niacin/statin therapy reduced triglycerides 
and raised HDL-C levels; however, outcomes (myocardial 
infarction, stroke) were not reduced compared with statin 
treatment alone ( 21 ). The HPS2-THRIVE study assessed 
the effects of extended release niacin combined with an 
anti-fl ushing agent in patients receiving statins. This com-
bination modestly increased HDL-C levels, but did not re-
duce the risk of major vascular events ( 22 ). In fact, the risk 
for development of diabetic complications was signifi -
cantly increased ( 22 ). Recent efforts have also focused on 
the development of CETP inhibitors. The CETP inhibitor 
torcetrapib was shown to increase HDL-C levels in animal 
models and in human subjects with low HDL-C ( 23, 24 ). 
The ILLUMINATE trial subsequently tested effects of 
torcetrapib on HDL-C and outcomes in high-risk patients, 
but was terminated early due to an increase in mortality 
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rHDL administration did not include analyses of plasma 
lipoproteins at study completion. A common consensus is 
that additional trials are required that target an elevation in 
HDL-C levels and which have defi ned clinical endpoints. 

 A PEPTIDE-BASED APPROACH TO HDL 
THERAPY 

 The observation that apolipoproteins possess lipid bind-
ing domains with a common structure initiated studies of 
peptides containing this structure ( 47, 48 ). The class A 
amphipathic helix is a common structural motif present in 
exchangeable apolipoproteins and is defi ned as an  � -helix 
with opposing polar and nonpolar faces that are hydro-
philic and hydrophobic, respectively ( 49 ). This sidedness 
of the helix forms a structure complementary to that of phos-
pholipids, thus facilitating the formation of protein:lipid 
complexes ( 49 ). During the 1980s, several laboratories ini-
tiated studies to test the amphipathic helix hypothesis us-
ing short peptides containing unique sequences that were 
unrelated to those found in any of the exchangeable apo-
lipoproteins. Yokoyama et al. ( 50 ) designed a 22-residue 
amphiphilic peptide composed of Lys, Leu, and Glu resi-
dues. This peptide associated with phospholipids and was 
shown to modestly activate the enzyme LCAT. The Baylor 
group subsequently designed a group of peptides called 
lipid-associating peptides (LAPs) that were composed of a 
15 amino acid peptide sequence bound to acyl chains of 
variable length ( 51 ). Several of the LAP peptides were also 
shown to associate with phospholipids and activate LCAT. 
For unknown reasons, research on these two groups of 
peptides was not continued. 

 In order to understand the features of amphipathic 
helical domains that associate with phospholipids, we de-
signed a model peptide with the sequence DWLKAFYDK-
VAEKLKEAF that possessed characteristics of a class A 
amphipathic helix ( 52 ). This peptide, designated 18A, 
has no sequence homology to any of the naturally occur-
ring protein or peptide sequences. Despite its small size, 
addition of the peptide to a suspension of dimyristoyl 
phosphatidylcholine resulted in the formation a clear so-
lution and (analogous to apoA-I) formed discoidal com-
plexes ( 52, 53 ). In addition to forming small HDL-like 
particles, 18A was also able to activate LCAT ( 54 ). The 
model peptide 18A mimicked many of the properties of 
apoA-I and was therefore designated as an apoA-I mi-
metic peptide. We additionally found that capping the N 
terminus with an acetyl group and the carboxyl terminus 
with an amide group (Ac-18A-NH 2 ) increased the helic-
ity and lipid binding affi nity of the peptide compared 
with unblocked 18A ( 55 ). 

 We subsequently developed a family of apoA-I mimetic 
peptides that were structural variants of 18A. It was found 
that sequential substitution of aliphatic amino acids (Leu, 
Val) on the nonpolar face of 18A with phenylalanine (F  ) 
resulted in the formation of class A peptides with increased 
hydrophobicity and lipid binding affi nity (3F, 4F, 5F, 6F, 
7F) ( 56 ). The phospholipid binding capacity was found to 

HDL particle ( 37 ). Using a plasmapheresis approach, they 
tested the effects of infusion of delipidated and unmodi-
fi ed HDL on fatty lesions in 26 ACS patients. Atheroma 
volume was measured at baseline by intravascular ultra-
sound (IVUS), followed by seven weekly infusions of de-
lipidated or control plasma ( 37 ). Analysis of lipid profi les 
showed no change in total cholesterol, HDL-C, LDL-C, or 
VLDL cholesterol (VLDL-C) in either group over the 
course of the study. IVUS measurements at the end of the 
study period showed a trend for a decrease in atheroma 
volume in patients receiving delipidated HDL, but this was 
not signifi cantly reduced compared with control plasma 
infusion ( 37 ). 

 The CHI-SQUARE trial subsequently tested the effects 
of CER-001 on coronary atherosclerosis in ACS patients 
( 38 ). Atheroma volume was measured at baseline by IVUS, 
followed by six weekly infusions of placebo or CER-001 
(3–12 mg/kg). At the end of the study, no difference in 
atheroma volume was noted between patients treated with 
CER-001 or placebo ( 38 ). The ERASE trial was similarly 
designed to test the effects of CSL-111 on lesion regression 
( 39 ). ACS patients received four weekly infusions of pla-
cebo, CSL-111 (40 mg/kg), or CSL-111 (80 mg/kg) ( 39 ). 
The latter group was discontinued due to liver function 
abnormalities. At the end of the study, IVUS measure-
ments showed no difference in atheroma volume between 
placebo- and CSL-111-treated subjects ( 39 ). Plaque vol-
ume, however, was reduced in the CSL-111 group com-
pared with baseline ( 39 ). Recent studies show that CSL-112 
administration in normal humans signifi cantly increases 
plasma apoA-I and HDL-C, suggesting an increase in cho-
lesterol effl ux into the plasma compartment ( 40, 41 ). 
apoA-I levels in CSL-112-treated patients remained ele-
vated above baseline for 3 days after treatment ( 41 ). At 
this time, effects of CSL-112 on atheroma regression have 
not been reported. 

 An important difference of apoA-I Milano :phospholipid 
complex administration in humans compared with animal 
studies is that it interacts with human apoA-II (a Cys-con-
taining dimer) to form heterodimers of apoA-I Milano  and 
apoA-II ( 42 ). In all other species, apoA-II is a monomer, 
does not contain a Cys residue, and thus does not form a 
heterodimer with apoA-I Milano  ( 43 ). The low levels of circu-
lating HDL-C in human carriers of apoA-I Milano  may be re-
lated to an increased susceptibility of the apoA-I Milano -apoA-II 
heterodimer to proteolysis and increased clearance of 
apoA-II, which has been shown to be pro-atherogenic ( 42, 
44, 45 ). 

 Effects of recombinant apoA-I Milano  on plaque regres-
sion have been tested in ACS patients ( 46 ). Atheroma vol-
ume was measured at baseline by IVUS, followed by fi ve 
weekly infusions of apoA-I Milano  (15–45 mg/kg) or placebo. 
At the end of the study, atheroma volume was reduced 
4.2% in patients receiving apoA-I Milano  compared with base-
line ( 46 ). While these results show promise for apoA-I Milano  
as a therapeutic agent, the study required intravenous (IV) 
administration of the drug and use of a relatively large 
amount of protein in the form of a protein-lipid complex 
( 46 ). Surprisingly, published results from most studies of 
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acids (D-4F) yielded an apoA-I mimetic that could be 
orally administered ( 74 ). Preliminary studies in apoE  � / �   
mice showed that the plasma concentration of D-4F 
reached  � 138 ng/ml 20 min after administration of 500  � g 
peptide by gavage ( 14 ). Subsequent studies showed that 
D-4F could be detected in the circulation of LDLR  � / �   
mice after oral administration and was resistant to proteo-
lytic degradation ( 75 ). In contrast, peptide was undetect-
able in plasma after oral administration of 4F synthesized 
from L-amino acids ( 75 ). D-4F reduced atherogenic le-
sions in LDLR  � / �   mice, but did not signifi cantly reduce 
plasma or HDL-C ( 75 ). D-4F treatment was, however, as-
sociated with an improvement in the functional properties 
of HDL. Under ex vivo conditions, HDL isolated from 
D-4F-treated mice was more effective in inhibiting LDL 
oxidation than was HDL isolated from saline-treated mice 
( 75 ). Similar anti-atherogenic effects of D-4F were ob-
served in hyperlipidemic rabbits ( 76 ). These results are in 
agreement with the proposal by Ansell et al. ( 77 ) and sug-
gest that HDL quality and function are better predictors of 
atherogenic lesion formation than circulating HDL con-
centration per se. 

 Subsequent studies showed that D-4F treatment induced 
the formation of pre � -HDL in the plasma of apoE  � / �   mice 
that was enriched in apoA-I and possessed PON-1 activity 
( 14 ). Further, the lipid hydroperoxide content of apoB-
containing lipoproteins was signifi cantly reduced ( 14 ). 
These results suggested that D-4F induces the formation of 
HDL particles possessing a high capacity for cholesterol 
uptake ( 14 ). The timing of 4F administration may be a 
critical determinant of its anti-atherogenic effect. While 
most studies have shown that 4F administration prevents 
the development of atherogenic lesions, regression of es-
tablished lesions appears to require adjunct cholesterol-
lowering therapy ( 78, 79 ). 

 RECENT INSIGHTS INTO THE MECHANISM OF 
ACTION OF 4F 

 Initial studies suggested that the anti-atherogenic mech-
anism of apoA-I mimetic peptide action involved the re-
modeling of HDL particles in plasma. Recent studies, 
however, suggest that the small intestine may be a critical 
site of action for 4F and structurally related peptides ( 80 ). 
D-4F was administered either orally or subcutaneously 
(SQ) to apoE  � / �   mice. Plasma levels of peptide achieved 
by SQ treatment were approximately 1,000-fold higher 
compared with oral administration of the same dose ( 80 ). 
Despite signifi cant differences in plasma levels of the pep-
tide achieved by oral or SQ administration, plasma serum 
amyloid A (SAA), the HDL infl ammatory index, and ath-
erogenic lesion formation were similarly reduced. Fur-
ther, the amount of peptide measured in feces was similar 
( 80 ). The authors concluded that anti-atherogenic re-
sponses to 4F administration are dependent on the dosage 
of the peptide rather than the plasma levels achieved and 
that the intestine may be a major site of 4F action ( 80 ). A 
recent study shows that the N- and C-uncapped peptide 6F 

be greatest with end-capped 4F and 5F, both of which 
formed discoidal HDL-like structures when complexed with 
phospholipids ( 56 ). A unique feature of these peptide 
analogs is that while apoA-I (in the absence of cholate) 
cannot solubilize POPC vesicles, the peptides instantly 
solubilize turbid vesicular suspensions of this lipid to form 
peptide:lipid complexes ( 47, 57 ). 

 DEMONSTRATION OF ANTI-ATHEROGENIC 
EFFECTS OF apoA-I MIMETIC PEPTIDES IN ANIMAL 

MODELS OF ATHEROSCLEROSIS 

 Despite publications on the in vitro properties of apoA-I 
mimetic peptides, the fi eld did not evolve for another de-
cade when the fi rst atherosclerosis inhibition study was 
performed. Garber et al. ( 58 ) showed that daily intraperi-
toneal (IP) injection with 5F in C57BL/6J mice fed an ath-
erogenic diet signifi cantly reduced aortic lesion formation 
compared with treatment with either saline or mouse 
apoA-I. 5F administration was also more effective than 
mouse apoA-I in reducing plasma lipid hydroperoxide 
content and monocyte chemotactic activity ( 58 ). The ob-
servation that total plasma cholesterol levels and lipopro-
tein profi les were not signifi cantly different between the 
treated and control groups, suggested that protective ef-
fects of 5F were independent of these factors ( 58 ). 

 Once it was demonstrated that small peptides have the 
potential to inhibit atherosclerosis, several laboratories 
initiated the design of peptide analogs that exhibit proper-
ties of apoA-I (e.g., activation of LCAT and PON-1; choles-
terol effl ux activity). In 1990, we reported that a 22mer 
synthetic peptide analog (based on the consensus sequence 
domain of amphipathic helical repeats in apoA-I) rivaled 
native apoA-I in its ability to induce the activation of LCAT 
( 59 ). Subsequently, smaller peptides, including KRES and 
FREL  , were developed that were shown to increase HDL-C 
and PON-1 activity and reduce atherosclerotic lesion for-
mation in apoE  � / �   mice ( 60 ). A 10 amino acid peptide 
from the apoJ sequence was also shown to increase plasma 
cholesterol effl ux capacity in apoE  � / �   mice and improve 
HDL anti-infl ammatory properties ( 61 ). Other groups set 
out to improve the properties of existing peptide sequences 
( 62, 63 ) or to design entirely new sequences ( 64–67 ). 
Starting with the design of 18A and its analogs, examples 
of these apolipoprotein mimetic peptides are summarized 
in   Table 1  .  

 Due to its superior anti-oxidative effects, peptide 4F was 
most extensively studied in several different laboratories 
within and outside the US ( 68–73 ). A comparative study 
showed that 4F had improved solubility properties and was 
more effective in inhibiting LDL-induced monocyte che-
motaxis than 5F ( 56 ). For these reasons, subsequent studies 
largely focused on an examination of atherosclerosis-
protective mechanisms of 4F in cell culture and animal 
models. Based on our observation that 18A synthesized us-
ing D-amino acids (D-18A) was resistant to metabolism in 
vivo and found intact in the urine of rats, we tested to deter-
mine whether synthesis of the 4F peptide using D-amino 
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 TABLE 1. Apolipoprotein mimetic peptides studied in different laboratories       

 Peptide Sequence Properties Reference

Analogs of 18A
 18A DWLKAFYDKVAEKLKEAF Shortest peptide shown to clear phospholipid  52, 74 
 Ac-18A-NH 2 Ac-DWLKAFYDKVAEKLKEAF-NH 2 Signifi cantly enhanced lipid-associating properties  55–56 
 3F-1 Ac-DKLKAFYDKVFEWAKEAF-NH 2 Inhibits monocyte chemotaxis and lesion  56 
 3F-2 Ac-DKWKAVYDKFAEAFKEFL-NH 2 Inhibits monocyte chemotaxis and lesion  56 
 3F 3 Ac-DWFKAFYDKVAEKLKEAF-NH 2 Inactive to inhibit monocyte chemotaxis and lesion  56 
 3F 14 Ac-DWLKAFYDKVAEKFKEAF-NH 2 Inactive to inhibit monocyte chemotaxis and lesion  56 
 4F Ac-DWFKAFYDKVAEKFKEAF-NH 2 Extensively studied-inhibits lesion and infl ammation  14, 68–73, 75, 

78–79 D-4F is orally active
 5F Ac-DWLKAFYDKFFEKFKEFF-NH 2 First apoA-I mimetic used to demonstrate 

lesion inhibition
 56, 58 

 6F DWLKAFYDKFFEKFKEFF Transgenic 6F tomato extract reduces lesion in mice  56, 81–82 
 AP-peptide PKLEELKEKLKELLEKLKEKLA Associates with lipid to form complexes-modest 

LCAT activation
 50 

 LAP X-SSLKEYWSSLKESES [where 
X = C 8 -CO to C 16 -CO-]

Associates with lipid vesicles-modest 
LCAT activation

 51 

Pro-linked dimers
 37pA 18A-P-18A Effl uxes cellular cholesterol via ABCA1 and 

microsolubilization
 63, 74, 83–84 

 5A 18A-P-DWAKAAYDKAAEKAKEAA Specifi c for ABCA1-mediated cellular 
cholesterol effl ux-inhibits lesion

 84–87 

 4F-P-4F DWFKAFYDKVAEKFKEAF-P- 
DWFKAFYDKVAEKFKEAF

A more effective mimic of native apoA-I 
properties than the 4F monomer

 62, 78 

 ELK-2K2A2E EKLKAKLEELKAKLEELL-P- 
EKLKAKLEELKAKLEELL

More effective than apoA-I in capacity and 
specifi city of cholesterol effl ux

 64, 87 

apoA-I consensus peptide
 A-I consensus sequence PVLDEFREKLNE X LEALKQKEK 

[where X = E,A,R,H]
Monomers and P-linked dimers were synthesized. 

The dimer peptide with X = E was as active 
as apoA-I in LCAT activation

 59 

Peptides derived from apoA-I
 apoA-I [44-65] and 

[220-241]
Native sequences [44-65] 

and [220-241]
Only the N-terminal and C-terminal monomers and 

no other 22mers associate with phospholipid
 88 

 ApoA-I [44-87] and 
[209-241]

Native sequences [44-87] 
and [209-241]

Only N-terminal and C-terminal 44 and 33 
residue tandem dimers associate with lipid

 67 

 Helix 10 analog CGVLESFKASFLSALEEWTKKLQ-
NH 2 

Modifi ed helix 10 [221-241] sequence. Incorporation 
of monomer or trimer sequence in nanoparticles 
inhibits lesion formation in LDLR  � / �   mice

 66, 89 

Peptide derived from apoE 
lipid-associating sequence

 ATI-5261 EVRSKLEEWFAAFREFAEEFLARLKS Mediates ABCA1-dependent cellular 
cholesterol effl ux and inhibits lesion

 65, 127 

Shorter peptides studied
 apoJ [113-122] Ac-LVGRQLEEFL-NH 2 An orally active 10-residue peptide that inhibits lesion  61 
 FREL Boc-FREL-oBut Shortest apoA-I mimetic peptide that inhibits 

lesion when administered orally
 60 

apoE mimetic peptides
 Ac-hE18A-NH 2 Ac-LRKLRKRLLR-18A-NH 2 Rapidly decreases cholesterol in animal 

models and inhibits lesion
 93, 122, 131–
133, 135–136 

 Ac-[R]hE18A-NH 2 Ac-LRRLRRRLLR-18A-NH 2 More effective than Ac-hE18A-NH 2  in cellular 
uptake of LDL and VLDL, remains to be 
studied for lesion inhibition

 93 

 mR18L Ac-GFRRFLGSWARIYRAFVG-NH 2 Rapidly decreases cholesterol but is less effective 
than Ac-hE18A-NH 2  in reducing lesion

 133, 144 

 apoE [141-155] dimer Ac-YLRKLRKRLLRDADDL- 
LRKLRKRLLRDADDL

Acetylated dimer increases plasma lipoprotein 
binding and clearance

 125 

apoA-I mimetic sequences which appear in patents but no paper is published or papers in which peptide sequence is not given are not covered 
in this review and therefore, are not part of this table.

(DWLKAFYDKFFEKFKEFF) exerts similar anti-athero-
genic effects as capped 4F (Ac-DWFKAFYDKVAEKFKEAF-
NH 2 ) ( 81, 82 ). Oral administration of 6F resulted in its 
localization to the small intestine of LDLR  � / �   mice ( 81 ). 
This was associated with an increase in circulating HDL-C 
and PON-1 activity and a reduction in total cholesterol, 
SAA, intestinal lipid peroxide content, and aortic lesion 
formation ( 81 ). It was proposed that a major mechanism 
of action of 6F was to reduce intestinal and circulating lev-
els of lysophosphatidic acid, an important mediator of the 
systemic infl ammatory response ( 81, 82 ). The 6F peptide 

used in these studies was derived from genetically engi-
neered tomatoes that expressed the uncapped peptide. 
Mice fed the lyophilized tomato powder from plants ex-
pressing peptide 6F (mixed with mouse chow) had re-
duced lesion formation. In contrast, mice fed freeze-dried 
tomatoes containing vector did not show any effect ( 81 ). 
While the approach of administering an apoA-I mimetic 
peptide as a dietary product is promising, the quantity of 
ingested tomatoes required for therapeutic effi cacy in hu-
mans (3.15 g/70 kg) may be impractical. Thus, additional 
research is needed to improve dosing regimens. 
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as 22mers or as 44mers) did not ( 67, 88 ). These studies 
also showed that amino acid residues 221-241 of apoA-I 
play an important role in lipid binding and cholesterol ef-
fl ux ( 67, 88 ). Zhao et al. ( 66 ) modifi ed this sequence and 
appended a Cys-Gly dipeptide to generate a 23 amino acid 
 � -helical peptide. Peptide-containing nanoparticles (9–15 
nm) were generated by addition of dimyristoyl phosphati-
dylcholine multilamellar vesicles ( 66 ). Under in vitro con-
ditions, nanoparticles incorporated into HDL converted 
the native lipoprotein into a lipid-poor HDL particle and 
were effective mediators of macrophage cholesterol effl ux 
( 66 ). A trimeric structure was subsequently generated by 
linking three copies of the peptide to an organic scaffold, 
followed by incorporation into nanoparticles ( 89 ). Admin-
istration of these HDL nanoparticles (either orally or by IP 
administration) increased HDL-C, while reducing VLDL-
C/LDL-C and aortic lesion area in LDLR  � / �   mice ( 89 ). 
Surprisingly, monomeric and trimeric peptides (synthe-
sized using L-amino acids) were orally active but could not 
be detected in plasma ( 89 ). It was suggested that, similar 
to 4F/6F, the intestine is a critical site of HDL nanoparti-
cle action ( 89 ). 

 CLINICAL EVALUATION OF THE apoA-I MIMETIC 
PEPTIDE 4F 

 Because a large body of information had been pub-
lished for the apoA-I mimetic peptide 4F, an initial clinical 
evaluation of D-4F was performed in high-risk CAD pa-
tients. Subjects received a single oral dose of D-4F (30, 
100, 300, or 500 mg) or placebo ( 90 ). The study showed 
that D-4F was safe and well-tolerated but had a low bio-
availability. A major fi nding of this study was that D-4F ad-
ministration signifi cantly reduced the HDL infl ammatory 
index in patients receiving the 300 or 500 mg dosage ( 90 ). 
Plasma samples, however, were not analyzed to determine 
whether pre � -HDL was formed, analogous to observations 
in murine models. In a subsequent study, Watson et al. 
( 91 ) tested the effects of IV or SQ administered L-4F (3–
100 mg) on CV risk factors in CAD patients. The goal of 
this study was to test whether comparable effects could be 
elicited by IV/SQ administration of a low dose of the pep-
tide that resulted in a higher plasma concentration. The 
HDL infl ammatory index was not improved by either 
route of administration ( 91 ). It was subsequently proposed 
that L-4F levels in intestine may not reach a level required 
for therapeutic effi cacy when administered by IV/SQ 
route ( 92 ). This may explain the lack of effect of low dose 
L-4F on the HDL infl ammatory index in the Watson study 
( 91 ). While it is not clear why the second clinical study was 
not performed using D-4F (despite encouraging results), 
it is possible that the sponsors of clinical studies wanted to 
avoid the possible accumulation of metabolically resistant 
D-4F in tissues ( 74 ). A drawback in the development of 
apoA-I mimetic technology has been the identifi cation of 
an acceptable and easily reproducible biomarker which 
can be monitored during the course of treatment. HDL-C 
levels are not suitable for this purpose because they are 

 DIMERIC apoA-I MIMETIC PEPTIDES 

 Because apoA-I contains tandem repeating amphipa-
thic helical domains, most of them punctuated by a Pro 
residue, several laboratories have developed and tested 
the effects of apoA-I mimetic peptide dimers on athero-
sclerotic lesion formation ( 62, 78, 83 ). A 4F dimer, created 
via proline residue linkage, was shown to avidly associate 
with HDL particles in vivo while the 4F monomer did not. 
Further, the 4F dimer displayed stronger anti-infl amma-
tory effects in vivo, as revealed by a signifi cant reduction in 
SAA levels in apoE  � / �   mice ( 62, 78 ). It was suggested that 
dimeric 4F was a more effective mimic of native apoA-I 
properties than the monomer ( 62, 78 ). Other studies have 
shown that the peptides L-37pA and D-37pA, bihelical ana-
logs of 18A (18A-Pro-18A), form HDL-like particles that 
are similar to rHDL ( 63, 84 ). These peptides promoted 
macrophage cholesterol effl ux by both ABCA1-dependent 
and -independent mechanisms ( 63 ). In the presence of 
POPC, the size of the particles formed and the  � -helical 
content of L-37pA, D-37pA, and apoA-I were similar ( 83 ). 
L-37pA and D-37pA exerted similar protective effects as 
rHDL by reducing adhesion molecule expression in TNF-
 � -stimulated endothelial cells and by preventing cardiac 
dysfunction in a model of ischemia-reperfusion injury 
( 83 ). 5A is a bihelical amphipathic peptide derived from 
37pA ( 63 ). This peptide is obtained by the substitution of 
Ala for fi ve existing hydrophobic residues in one of the 
18A helices. The asymmetry in the lipid binding capacity 
of the helices was associated with a reduction in cytotoxic-
ity compared with 37pA and enhancement of ABCA1-de-
pendent cholesterol effl ux from macrophages ( 63 ). 5A 
was also shown to reduce lesion formation in apoE  � / �   
mice, ameliorate infl ammation in a carotid artery injury 
model in the rabbit, and attenuate airway infl ammation in 
a murine model of asthma ( 63, 85, 86 ). 

 ELK-2A2K2E is another bihelical peptide that induces 
the formation of small dense HDL particles in the plasma 
of apoE  � / �   mice and demonstrates highly effi cient choles-
terol effl ux activity and a reduction in aortic lesion con-
tent ( 64 ). In contrast to other apoA-I mimetic peptides, 
ELK-2A2K2E signifi cantly reduced plasma lipoprotein and 
triglyceride levels ( 64 ). D’Souza et al. ( 87 ) have assessed 
the structure/function relationships of 22 bihelical apoA-I 
mimetic peptides (including ELK-2A2K2E) with their pu-
tative anti-atherogenic functions. Parameters that were 
analyzed included the capacity/specifi city of peptides to 
mediate cholesterol effl ux, effi cacy in inhibiting infl am-
matory responses, and anti-oxidant properties ( 87 ). None 
of the peptides were equally effective in inhibiting each of 
the parameters of HDL function. The authors suggested 
that different structural motifs in HDL inhibit atherogen-
esis by different mechanisms, thus underscoring the diffi -
culty in designing an ideal HDL mimetic. 

 The synthesis and application of HDL-like nanolipid 
particles is a recent development in the fi eld of HDL ther-
apy. Earlier, it was shown that, among the 22mer helices of 
apoA-I, only the N- and C-terminal helices were able to as-
sociate with phospholipids while the other regions (either 
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effects of the apolipoprotein are independent of its choles-
terol-lowering property ( 99–102 ). Polymorphisms in the 
apoE gene are associated with enhancement of the infl am-
matory response and an increase in mortality in animal mod-
els and patients with sepsis ( 103, 104 ). Deletion of the apoE 
gene also induces these responses in mice treated with either 
bacterial lipopolysaccharide (LPS) or infected with bacterial 
pathogens   ( 101, 102, 105 ). In apoE-expressing mice, the 
apolipoprotein has been shown to directly interact with and 
neutralize endotoxin, resulting in a reduction in plasma cy-
tokine levels and mortality ( 100–106 ). Further, adoptive 
transfer of apoE-replete BM has been shown to attenuate the 
type I infl ammatory response in apoE  � / �   mice ( 100 ). 

 Monocytes and macrophages are important targets for 
apoE action. apoE-containing HDL subspecies were shown 
to reduce circulating Ly6 hi  and increase Ly6 lo  monocytes, 
resulting in decreased monocyte adhesion to the endothe-
lium ( 99 ). Transduction of apoE in macrophages of ath-
erosclerotic apoE  � / �   mice signifi cantly reduces lesion 
formation without affecting plasma cholesterol levels 
( 107–109 ). Several studies suggest that increasing apoE 
expression in monocytes induces an anti-infl ammatory 
phenotype and reduces the recruitment of these cells to 
sites of injury ( 110–113 ). Leukocytosis (monocytosis and 
neutrophilia) increases tissue injury in models of sepsis 
and atherosclerosis ( 114, 115 ). This process is regulated 
by apoE. In the absence of apoE, hematopoietic stem cell 
proliferation, mobilization, and the production of mono-
cytes and neutrophils are signifi cantly increased ( 115 ). It 
follows that transplantation of BM containing apoE re-
duced leukocytosis ( 115 ). Leukocytosis was also induced 
by a reduction in HDL concentration in mice and humans 
in a manner that was attenuated by raising apoE and HDL 
levels ( 115–118 ). The protective role of apoE under these 
conditions was associated with apoE binding to leukocyte 
HSPG and an interaction with ABCA1/ABCG1 to reduce 
cellular cholesterol content ( 115, 118 ). HDL-associated 
apoE thus plays a critical role in ameliorating infl amma-
tory cell injury. On the basis of these observations, we set 
out to design small peptide structures which not only pos-
sess anti-infl ammatory properties (analogous to apoA-I mi-
metic peptides) but also reduce plasma cholesterol levels 
by an LDL receptor-independent mechanism. 

 apoE MIMETICS: A NEW DIRECTION IN PEPTIDE-
BASED THERAPIES 

 One of the milestones in the study of cholesterol me-
tabolism is the discovery of receptor-mediated uptake and 
clearance of LDL-C, which was recognized by the award of 
the Nobel prize to Drs. Goldstein and Brown ( 119 ). While 
the ligand for LDL is apoB with its receptor binding do-
main being positively charged [RLKRGLK (residues 359-
367)], the ligand for clearing nonLDL apoB-containing 
particles is apoE via its positively charged receptor binding 
domain [LRKLRKRLLR (residues 141-150)]. These lipo-
proteins possess one or two copies of such receptor bind-
ing domains because the apolipoproteins are large (4,536 

not altered by 4F treatment. Due to the heterogeneity of 
HDL-associated proteins, the identifi cation of a specifi c 
protein that is altered by 4F treatment has also been chal-
lenging. In the absence of such an appropriate biomarker, 
the anti-atherogenic effi cacy of apoA-I mimetic treatment 
will be diffi cult to assess. In addition, it is important to 
compare the effi cacy of different peptide analogs in the 
same set of experiments in order to determine specifi c 
apoA-I mimetic property(ies) that is/are important for in-
hibiting not only atherosclerosis but also several other 
lipid-mediated disorders. 

 ANTI-ATHEROGENIC MECHANISMS OF apoE 
ACTION 

 apoE is an exchangeable apolipoprotein that is associ-
ated with HDL, VLDL, and LDL remnant particles. It is 
synthesized primarily by hepatocytes and macrophages 
and plays a critical role in regulating plasma cholesterol 
levels. apoE contains a lipid-associating domain and a 
globular domain containing the LDL receptor binding 
site ( 93 ). The presence of the LDL receptor binding 
domain facilitates the hepatic clearance of cholesteryl 
esters, resulting in a signifi cant decrease in plasma cho-
lesterol ( 94 ). Unlike LDL, which is cleared by the LDL 
receptor, the apoE-containing lipoproteins can also be 
cleared by alternative receptors such as LDL receptor-re-
lated proteins (LRPs) and heparan sulfate proteoglycans 
(HSPGs) ( 95 ). Thus, apoE plays a prominent role in 
clearing apoB-containing lipoproteins such as chylomi-
crons, VLDL, and remnant lipoproteins, all of which can 
be pro-atherogenic. 

 Several studies highlight the effi ciency of apoE and 
show that only a small amount of the apolipoprotein is re-
quired to reduce plasma cholesterol and atherosclerotic 
lesion formation ( 96, 97 ). Transgenic  apoE   � / �   hTgE  +/0  
mice have been generated that express the human  apoE3  
gene in macrophages ( 96 ). Plasma apoE levels in these 
mice are approximately 7–10% of those in wild-type mice. 
Despite the low level expression of apoE, apoE-containing 
lipoproteins were formed in plasma of  apoE   � / �   hTgE  +/0  
mice that were as effective as lipoproteins from wild-type 
mice in mediating cholesterol effl ux from fi broblasts ( 96 ). 
In contrast, cholesterol effl ux mediated by lipoproteins 
from apoE  � / �   mice was negligible ( 96 ). In another study, 
bone marrow (BM) from wild-type mice was injected 
into irradiated apoE  � / �   mice. After 4 weeks, serum apoE 
levels reached 12.5% of levels measured in normal 
C57BL/6 mice ( 97 ). This level of apoE was associated with 
a 74% reduction in plasma cholesterol compared with 
baseline cholesterol measurement prior to transplantation 
( 97 ). Further, aortic lesions were signifi cantly reduced in 
these mice 3 months after initiating feeding with a West-
ern diet ( 97 ). 

 Protective effects of apoE have been observed in the con-
text of coagulation, macrophage function, oxidative pro-
cesses, central nervous system physiology, infl ammation, and 
cell signaling ( 98, 99 ). Data suggest that anti-infl ammatory 
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reduce infl ammatory injury in murine models of multi-
ple sclerosis and traumatic brain injury, respectively, and 
are thought to mediate their effects via binding to LRP 
( 128–130 ). 

 In light of the importance of apoE not only in reducing 
levels of atherogenic lipoproteins but also in exerting cho-
lesterol-independent atheroprotective effects, our labora-
tory initiated the development of synthetic dual-domain 
apolipoprotein mimetic peptides which are structurally 
and functionally similar to apoA-I and apoE but possess 
unique properties analogous to apoE ( 93, 122 ). The syn-
thetic peptide 18A, similar to apoA-I, possesses a class A 
amphipathic helical structure and mimics some properties 
of apoA-I ( 53 ). Several class A peptides exert prominent 
anti-infl ammatory effects by reducing lesion formation in 
murine models of atherosclerosis but do not reduce 
plasma cholesterol levels ( 58 ). Based on the dual-domain 
structural concept present in apoE, we developed a syn-
thetic peptide that mimicked the cholesterol-lowering 
properties of apoE. A peptide encoding an arginine-rich 
region (residues 141-150, LRKLRKRLLR) of the putative 
LDL receptor binding sequence of apoE was linked to 
18A. The peptide was acetylated and amidated at the N 
and C termini, respectively, to yield the stabilized peptide 
Ac-hE18A-NH 2 . 

 ANTI-ATHEROGENIC AND ANTI-INFLAMMATORY 
EFFECTS OF Ac-hE18A-NH 2  

 Preliminary studies demonstrated that Ac-hE18A-NH 2  
associates with chylomicron remnants, VLDL-C, and LDL-C, 
and targets them to hepatocytes for clearance via binding 
to HSPG (  Fig. 1  ) ( 93, 122 ).  The peptide was able to me-
diate cholesterol effl ux independently of ABCA1 and 
had the additional advantage of facilitating cholesterol 
clearance due to the presence of the receptor binding do-
main ( 131 ). In vivo administration of Ac-hE18A-NH 2  has 
been shown to reduce plasma cholesterol in mouse and 
rabbit models of atherosclerosis ( 122, 132, 133 ). In Watanabe 
heritable hyperlipidemic (WHHL) rabbits, plasma choles-
terol reduction was associated with an increase in plasma 
PON-1 activity ( 132 ). The observation that Ac-hE18A-NH 2  
reduces plasma cholesterol in WHHL rabbits and LDLR  � / �   
mice fed a Western diet supports the conclusion that the 
peptide clears atherogenic lipoproteins via a LDL recep-
tor-independent mechanism. Candidates for clearance in-
clude HSPG and LRP. In another study, we found that 
pretreatment of apoE  � / �   mice with heparinase, followed 
by apoE mimetic administration, did not reduce plasma 
cholesterol ( 134 ). This result strongly supports that 
Ac-hE18A-NH 2  clears atherogenic lipoproteins via interac-
tion with HSPGs. Agarose gel electrophoresis of lipopro-
teins in Ac-hE18A-NH 2 -treated animals shows that the 
mobility of apoB-containing lipoproteins is retarded ( 132 ). 
This suggests that the peptide readily associates with apoB-
containing lipoproteins and that, by enhancing surface 
positive charge, it facilitates the clearance of these surface-
modifi ed lipoproteins via the HSPG pathway. 

and 299 amino acids for apoB-100 and apoE, respectively). 
Additionally, while LDL clearance is highly regulated via 
regulation of LDL receptor synthesis, the receptors for 
apoE (LRP and HSPG) are not. Earlier research by Mahley 
and Ji ( 120 ) demonstrated that apoE-containing athero-
genic particles are cleared via HSPG in the space of Disse. 
It was also demonstrated that both the lipid-associating 
and receptor binding domains of apoE are required for 
lipoprotein binding and clearance. Because apoE has a 
long amphipathic helical lipid-associating domain, we hy-
pothesized that direct linkage of the apoE putative recep-
tor binding domain to a short peptide (such as 18A) 
capable of associating with lipid would produce a dual do-
main peptide which could associate with atherogenic 
apoB-containing lipoproteins to enhance their binding 
and clearance. Further, such a structure would allow sev-
eral molecules of the peptide to associate with and clear 
atherogenic lipoproteins rapidly. This formed the basis for 
the design of a dual-domain apoE mimetic peptide that 
will be discussed later. 

 Numerous synthetic peptides based on the structure of 
apoE have been designed ( 121 ). apoE contains a lipid-
associating domain (residues 203-266) and a globular do-
main (residues 1-191) containing the LDL receptor 
binding site ( 93, 122 ). Several peptides spanning the 
130-169 region of apoE have been synthesized in order to 
test lipoprotein binding and clearance ( 123, 124 ). Cur-
tiss and colleagues studied the effects of modifi ed apoE 
peptides on LDL receptor binding ( 123 ). A dimeric pep-
tide containing residues 141-155 of apoE was shown to 
bind to the LDL receptor while the 141-155 monomer 
was ineffective ( 123 ). It was subsequently reported that 
acetylation of the N-terminal domain of the 141-155 di-
mer increased plasma lipoprotein binding and clearance 
( 125 ). 

 Bielicki and colleagues have identifi ed a region in the 
C-terminal domain of apoE that plays a critical role in 
ABCA1-dependent cholesterol effl ux and HDL particle 
assembly ( 126 ). C-terminal residues 238-270 were struc-
turally modifi ed to yield the single helix model peptide 
ATI-5261 ( 65 ). Biophysical studies showed that the pep-
tide possessed a high aqueous solubility that dissociated to 
trimers, dimers, and monomers upon dilution ( 127 ). The 
effi ciency of ATI-5261 in mediating macrophage choles-
terol effl ux was similar to that of full-length apoA-I and 
apoE ( 65 ). Further, cholesterol effl ux was increased by 
treatment of cells with peptide in either a lipid-free form 
or as a phospholipid complex ( 65 ). Chronic treatment 
with ATI-5261 reduced fatty lesions in aortae of LDLR  � / �   
and apoE  � / �   mice ( 65 ). Results of these studies suggested 
that less frequent dosing with ATI-5261 was required for 
inhibition of atherogenic lesions compared with apoA-I 
mimetic peptides ( 65 ). Other investigators have incorpo-
rated  � -aminoisobutyric acid groups within residues 133-
149 of apoE to generate chimeric peptides with increased 
helicity ( 128, 129 ). These peptides, designated cogni-
science apoE mimetic peptides (COGs), were shown to 
exert prominent anti-infl ammatory effects in the cen-
tral nervous system ( 128, 129 ). COG133 and COG1410 
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more effective than 4F in reducing respiratory burst activ-
ity in human leukocytes treated with LPS ( 142 ). Further, 
Ac-hE18A-NH 2  displayed a greater inhibitory effect on cy-
tokine secretion in THP-1 macrophages ( 142 ). Treatment 
of cells with LPS isolated from one of three different  Esch-
erichia coli  strains or  Pseudomonas aeruginosa  signifi cantly 
increased TNF- �  and IL-6 release ( 142 ). While pretreat-
ment with 4F reduced cytokine release, the inhibitory re-
sponse to Ac-hE18A-NH 2  was greater in all cases ( 142 ). 

 Several analogs of Ac-hE18A-NH 2  were designed in 
order to understand the importance of positively charged 
residues and the role of the hydrophobic residues in 
the receptor binding domain of the peptide ( 93 ). Ac-
LRRLRRRLLR-18A-NH 2  [Ac-hE(R)18A-NH 2 ] and Ac-
LRKMRKRLMR-18A-NH 2  (Ac-mE18A-NH 2 ) contained an 
extended hydrophobic face, including the receptor bind-
ing region, while Ac-RRRRRRRRRR-18A-NH 2  [Ac-R(10)18A-
NH 2 ] did not. A scrambled control peptide, Ac-
LRLLRKLKRR-18A-NH 2  [Ac-hE(Sc)18A-NH 2 ], had the 
same amino acid residues as Ac-hE18A-NH 2 , but these 
were scrambled to disrupt the extended hydrophobic face. 
Despite identifying Ac-hE(R)18A-NH 2  as more effective 
than Ac-hE18A-NH 2  in reducing plasma cholesterol, ex-
tensive in vivo studies have not been performed on other 
peptides. It is also possible that the lipid-associating do-
main 18A can be changed to other apoA-I mimetic pep-
tides. With additional studies on future analogs, we hope 
to develop apoE mimetic peptides that are active when 
administered orally or by inhalation. With proper modifi -
cation of the sequence, it is also possible to genetically 

 Administration of Ac-hE18A-NH 2  in WHHL rabbits also 
improved endothelial function, a response that was associ-
ated with a reduction in tissue superoxide anion formation 
( 132 ). While Ac-hE18A-NH 2  is rapidly cleared from the cir-
culation after IV administration, it continues to exert sig-
nifi cant benefi cial effects on aortic lesions for up to a 
month after suspending peptide administration in mouse 
models of atherosclerosis ( 135 ). Subsequent studies re-
vealed that Ac-hE18A-NH 2  induces the release of PON-1 
and lipid-poor pre � -HDL particles from hepatocytes and 
also promotes apoE secretion from hepatocytes and macro-
phages ( 131, 133, 136, 137 ). These studies further showed 
that Ac-hE18A-NH 2  is recycled by cells, thus enabling the 
potentiation and prolongation of its anti-atherogenic and 
anti-infl ammatory effects ( 131 ). These results suggest that 
the apoE mimetic peptide Ac-hE18A-NH 2 , analogous to 
apoE, exerts cytoprotective effects that are independent of 
effects on plasma cholesterol ( 138–140 ). In support of this, 
a recent study shows that administration of Ac-hE18A-NH 2  
in APP/PS1 � E9 transgenic mice, a murine model of Al-
zheimer’s disease, inhibits amyloid plaque deposition and 
improves cognitive function ( 137 ). 

 The anti-infl ammatory properties of Ac-hE18A-NH 2  
were found to be superior to those of the class A peptide 
4F ( 141, 142 ). Specifi cally, Ac-hE18A-NH 2  was more effec-
tive than 4F in reducing atherogenic lesion formation in 
apoE  � / �   mice ( 141 ). In this study, the anti-infl ammatory 
response to Ac-hE18A-NH 2  was associated with an increase 
in HDL-associated PON-1 activity and a reduction in SAA 
( 141 ). Another study showed that Ac-hE18A-NH 2  was 

  Fig.   1.  High effi ciency clearance of atherogenic lipoproteins by Ac-hE18A-NH 2 . apoE plays an important 
role in the hepatic uptake of chylomicron remnants and VLDL particles via binding to LRPs and/or HSPGs. 
apoB-100 mediates the interaction of LDL particles with LDL receptors. These lipoprotein uptake mecha-
nisms are denoted by dashed lines. Ac-hE18A-NH 2  (hE18A) associates with each lipoprotein class and medi-
ates enhanced uptake by binding to HSPGs (solid lines).   
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mimetic peptide therapy in reducing CAD risk has not 
been fulfi lled. Results of clinical studies using D-4F and 
L-4F suggest that a relatively high dose of the peptide is 
required for effi cacy in CAD patients. The future develop-
ment of 4F as a therapeutic agent is therefore uncertain. 
While genetic production of apoA-I mimetics in fruits and 
vegetables is a novel concept, the technology has to be fur-
ther developed to make it practical. Almost all of the apoA-
I mimetic peptides tested thus far appear to inhibit 
atherosclerosis by promoting RCT and/or by inhibiting 
infl ammation. Plasma cholesterol reduction is not a con-
sistent response to these peptides. This holds true for re-
cently described nanoparticle formulations of monomeric 
and trimeric apoA-I mimetic peptides which reduce le-
sions in LDLR  � / �   mice ( 89 ). As discussed by Wool and 
colleagues, lipid lowering does not appear to be a critical 
component of the atheroprotective response to apoA-I mi-
metics ( 145 ). While current data point to the intestine as a 
critical site of apoA-I mimetic peptide action, underlying 
mechanisms have not been defi ned. A common and prac-
tical biomarker that can be inexpensively adapted in any 
laboratory for assessing effi cacy of different apoA-I mi-
metic peptides is critically required for the advancement 
of this technology. 

 ACC/AHA guidelines recommend the use of statins to 
reduce CV risk   ( 1 ). As noted previously, statin resistance 
may arise in response to gene polymorphisms and/or up-
regulation of proprotein convertase subtilisin/kexin type 
9 (PCSK9) ( 3, 4, 146 ). In addition, statin withdrawal has 
been shown to cause rebound pro-infl ammatory effects 
( 147 ). Monoclonal antibodies directed against the cata-
lytic domain of PCSK9 represent a new class of cholesterol-
reducing drug ( 148, 149 ). These agents facilitate the LDL 
clearance by preventing LDL receptor degradation and 
show strong potential to reduce coronary risk in patients 
who are statin-resistant. Recent data also show that PCSK9 
inhibitors reduce circulating levels of pro-atherogenic 
lipoprotein(a) ( 150 ). A potential limitation of this form of 
therapy may be a lack of effect on the clearance of non-
LDL atherogenic lipoproteins. Some subjects with homo-
zygous familial hypercholesterolemia have reduced LDL 
receptor function and show a limited response to statin or 
PCSK9 inhibitor therapy ( 151–153 ). Treatment options 
for these individuals are limited. A recent study shows that 
type III hyperlipoproteinemia is induced by mutations in 
the LDL receptor binding domain of apoE and is charac-
terized by inhibition of both remnant lipoprotein clear-
ance and HDL biogenesis ( 154 ). 

 apoE mimetic peptide therapy may be ideally suited for 
treatment of hypercholesterolemia associated with defects 
in LDL receptor function. apoE mimetics may provide ad-
ditional benefi ts compared with the PCSK9 inhibitor strat-
egy including:  1 ) the capacity to reduce plasma levels of 
chylomicrons,  � -VLDL-C, VLDL-C, and VLDL remnants; 
 2 ) the ability to improve HDL function;  3 ) improved anti-
oxidant properties; and  4 ) cholesterol-independent anti-
atherogenic effects. These factors may contribute to the 
sustained response to apoE mimetic peptide treatment 
seen in mouse and rabbit studies ( 133, 135 ). Because 

engineer an apoE sequence that can be produced in fruits 
and vegetables, as has been accomplished for the apoA-I 
mimetic peptide 6F ( 82 ). 

 DEVELOPMENT OF AN ORALLY ACTIVE apoE 
MIMETIC PEPTIDE 

 Our studies to date have shown that Ac-hE18A-NH 2  bio-
activity is signifi cantly reduced by oral or IP adminis-
tration; thus, parenteral administration is required for 
therapeutic effi cacy. Recent efforts have focused on the 
development of an orally active peptide that possesses 
both cholesterol-reducing and anti-infl ammatory proper-
ties. To accomplish this, the structure of a helical class L 
peptide (18L) was modifi ed by incorporating aromatic 
amino acids at the center of the nonpolar face ( 143 ). This 
resulted in the formation of a modifi ed 18L (m18L) with 
increased capacity to bind to oxidized lipids. The peptide 
m18L was further modifi ed by substituting Lys residues 
with Arg to yield mR18L (Ac-GFRRFLGSWARIYRAFVG-
NH 2 ) ( 144 ). The incorporation of Arg residues in this 
peptide enhanced the uptake of LDL by HepG2 cells 
( 144 ). Further, oral administration of mR18L, but not 
m18L, reduced plasma cholesterol and atherosclerotic le-
sion formation in apoE  � / �   mice ( 144 ). Plasma from m18L-
treated mice promoted the adhesion of monocytes to 
cultured bovine aortic endothelial cells. This response was 
not observed with plasma from mR18L-treated mice ( 144 ). 
These results suggested that mR18L possessed similar 
properties as Ac-hE18A-NH 2 , but possessed the advantage 
of oral bioavailability. 

 A head-to-head comparison of the anti-atherogenic ef-
fects of Ac-hE18A-NH 2  and mR18L has been recently per-
formed in LDLR  � / �   mice ( 133 ). Multiple retro-orbital 
administrations of each peptide (100  � g/mouse, twice 
weekly for 8 weeks) resulted in similar reductions in 
plasma cholesterol ( 133 ). Plasma levels of reactive oxygen 
species were signifi cantly reduced in mice treated with 
Ac-hE18A-NH 2 , but not mR18L. While atherosclerotic lesion 
formation was reduced by administration of both peptides, 
Ac-hE18A-NH 2  was signifi cantly more effective in reducing 
lesion area and plaque macrophage content ( 133 ). Under 
in vitro conditions, Ac-hE18A-NH 2  also induced apoE se-
cretion from HepG2 cells and THP-1 macrophages, 
whereas mR18L was without effect ( 133 ). These observa-
tions, as well as the observation that Ac-hE18A-NH 2  re-
duces lesions in mice even one month post cessation of 
peptide treatment, strongly support plasma cholesterol-
independent effects of this peptide ( 135 ). The additional 
benefi t of Ac-hE18A-NH 2  may be due to its ability to pro-
mote apoE secretion from hepatocytes and macrophages. 

 CURRENT STATUS OF APOLIPOPROTEIN MIMETIC 
THERAPY 
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of atherogenic lipoproteins and increases HDL levels 
and/or function is ongoing. The potential of apoA-I 
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plasma cholesterol reducing ability is robust, it is antici-
pated that this technology will be useful in acute treatment 
to stabilize lesions via a rapid plasma cholesterol reduc-
tion. Depending on the initial plasma cholesterol levels in 
patients, the dosage can be adjusted to achieve required 
cholesterol reductions. Ac-hE18A-NH 2  has recently been 
assigned orphan drug status and licensed under the trade 
name AEM-28 by LipimetiX, LLC and Capstone Thera-
peutics, Inc. It is currently undergoing initial clinical eval-
uation. Future clinical trials are required in order to 
determine the dosage needed to achieve targeted levels of 
cholesterol and stabilization or regression of lesion. It is 
possible that, once lesions are stabilized, adjunct therapy 
with apoA-I mimetics can be employed for chronic treat-
ment of lipid-mediated infl ammatory diseases.  
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