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    Abstract  

  Serum paraoxonase 1 (PON1) has been shown to act as an important 
guardian against cellular damage from oxidized lipids in low-density lipo-
protein (LDL), plasma membrane, against toxic agents such as pesticide 
residues including organophosphates and against bacterial endotoxin. 
PON1 associated with circulating high-density lipoprotein (HDL) has the 
ability to prevent the generation of pro infl ammatory oxidized phospholipids 
by reactive oxygen species. The activities of the HDL-associated PON1 
and several other anti-infl ammatory factors in HDL are in turn negatively 
regulated by these oxidized lipids. In rabbits, mice, and humans there 
appears to be an increase in the formation of these oxidized lipids during 
the acute phase response. This results in the association of acute phase 
proteins with HDL and inhibition of the HDL-associated PON1 that renders 
HDL pro infl ammatory. 

 In populations, low serum HDL-cholesterol is a risk factor for athero-
sclerosis and efforts are directed toward therapies to improve the quality 
and the relative concentrations of LDL and HDL. Apolipoprotein A-I 
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(apoA-I) has been shown to reduce atherosclerotic lesions in laboratory 
animals. ApoA-I, however, is a large protein that is costly and needs to be 
administered parenterally. Our group has developed apoA-I mimetic 
peptides that are much smaller than apoA-I (18 amino acids long vs 243 in 
ApoA-I itself). These HDL mimetic peptides are much more effective in 
removing the oxidized phospholipids and other oxidized lipids. They 
improve LDL and HDL composition and function and reduce lesion for-
mation in animal models of atherogenesis. Following is a brief description 
of some of the HDL mimetic peptides that can improve HDL and the effect 
of the peptide on PON1 activity.  
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8.1         In Search of Agents 
to Improve HDL Function 

 Experiments in animal models of atherosclerosis 
[ 1 ,  2 ] and preliminary human studies [ 3 ] have 
made apolipoprotein A-I (apoA-I), the main protein 
in high-density lipoprotein (HDL), an attractive 
therapeutic target. The preliminary human 
studies [ 3 ] suggested that therapeutic benefi t might 
be achieved by administering weekly intravenous 
doses over a period of 5–6 weeks. Subsequent 
larger clinical trials [ 4 ], however, suggested that 
longer periods of intravenous administration will 
be required for signifi cant improvements to be 
achieved. This made the idea an unlikely therapy for 
the large number of patients with atherosclerosis.  

8.2     The Search for an Ideal 
Agent: HDL Mimetic Peptide 

 Anantharamaia and colleagues originally 
designed an 18 amino acid peptide that mimicked 
the class A amphipathic helixes contained in 
apoA-I while it did not have any sequence homol-
ogy with apoA-I but [ 5 – 7 ]. Because it contained 
18 amino acids and formed a class A amphipathic 
helix the peptide was called 18A. The lipid- binding 
properties and stability of the 18A peptide were 
improved by blocking the carboxy terminus 
using an amide group and blocking the amino 

terminus through the addition of an acetyl group. 
Because of the presence of the two phenylalanine 
residues on the hydrophobic face this peptide 
was named 2F. The 2F peptide failed to alter 
lesions in a mouse model of atherosclerosis [ 8 ] 
while mimicking many of the lipid-binding 
properties of apoA-I. We tested a series of peptides 
for their ability to inhibit low-density lipoprotein 
(LDL)-induced monocyte chemotactic activity, 
which is primarily due to the production of 
monocyte chemoattractant-1 (MCP-1). This was 
achieved using a human artery wall cell culture 
assay. Subsequently, the peptide 4F was shown 
to be superior [ 8 ]. The peptide 4F has the same 
structure as 2F except for two additional phenyl-
alanine residues on the hydrophobic face of the 
peptide (replacing two leucine residues).  

8.3     Animal Models 
of Atherosclerosis 
and the Effects of HDL 
Mimetic Peptides 

 ApoAI mimetic peptides reduced the development 
of atherosclerotic lesions in young mice [ 9 ,  10 ]. 
Lesion regression in old apolipoprotein E null mice 
was produced when 4F was given together with a 
statin [ 11 ]. Synergy between D-4F (made from all 
D amino acids) and pravastatin was then tested 
in these studies. The oral doses for each that 
were ineffective when given as single agent was 
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fi rst determined. Signifi cant increase in HDL 
cholesterol levels, apoA-I levels, and paraoxonase-1 
(PON1) activity was achieved with oral adminis-
tration of the combination. Rendering HDL 
anti-infl ammatory, signifi cantly preventing lesion 
formation in young apolipoprotein E null mice, and 
causing regression of established lesions in old 
apolipoprotein E null mice were among additional 
effects observed. Mice that received the combi-
nation for 6 months had lesion areas that were 
much smaller when compared to those before the 
start of treatment [ 11 ]. In mice maintained on 
chow alone en face lesion area was three times 
higher than that after 6 months of treatment with 
the combination. In addition in the remaining 
lesions there was a signifi cant 22 % reduction in 
macrophage content, indicating an overall 79 %. 

Reduction in macrophages. The combination of 
statin and D-4F increased intestinal apoA-I synthesis 
by a signifi cant 60 %. In studies in Cynomolgous 
monkeys also, oral administration of D-4F plus 
pravastatin rendered HDL anti-infl ammatory [ 11 ]. 
These results suggested that the combination of 
an HDL-based therapy and a statin might be a 
useful anti-atherosclerosis treatment strategy. 
The fact that the benefi t of apolipoprotein mimetic 
peptides in atherosclerosis was not limited to 4F 
was unraveled subsequently. We found that 
peptides including D-[113–122] apoJ, an apolipo-
protein J mimetic peptide [ 12 ], and peptides too 
small to form a helical structure [ 13 ] were effi ca-
cious as well (Fig.  8.1 ). The effi cacy of these 
peptides was demonstrated in a rabbit model of 
atherosclerosis as well [ 14 ].

  Fig. 8.1    D-[113–122]apoJ in apoE-null mouse plasma 
in vitro. D-[113–122]apoJ or scrambled D-[113–122]apoJ 
(Scr.[113–122]apoJ peptide) were added to apoE-null 
mouse plasma at a concentration of 250 ng/mL. The solu-
tions were gently mixed, layered with argon gas, and the 
tubes were sealed and incubated for 1 h at 37 °C with 

gentle mixing. The samples were then fractionated by 
FPLC and lipid hydroperoxide content of LDL ( a ), lipid 
hydroperoxide content of HDL ( b ), and PON1 activity ( c ) 
were determined. The values shown are the 
Mean ± SD. The data shown are representative of two 
separate experiments       
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8.4        The Mechanism of Action 
of HDL Mimetic Peptides 

 The mechanism of action of the HDL mimetic 
peptides seems to be based to their ability to 
remove oxidized lipids from lipoproteins [ 15 – 17 ], 
promote reverse cholesterol transport from 
macrophages, and render HDL anti- infl ammatory 
[ 15 ,  16 ]. Atherosclerosis is a long-term infl am-
matory process that is mediated in part by the 
oxidation of phospholipids, which induce vascular 
cells to express cytokines, adhesion molecules, 
and procoagulant molecules [ 18 ,  19 ]. The mech-
anism of action of the HDL mimetic peptides 
appears to be related to their ability to bind and 
remove these pro infl ammatory oxidized lipids 
[ 15 ,  16 ]. In addition, the HDL mimetic peptides 
are effi cacious in infl ammatory processes that 
have an infectious etiology and in models of 
vascular diseases that are not classifi ed as athero-
sclerosis. This suggests that oxidized lipids may be 
important mediators of a variety of infl ammatory 
conditions other than atherosclerosis as they have 
been shown to effective in preventing diabetic 
manifestations, graft rejection, cognitive defi ciency 
in mouse model of hyperlipemia, in collagen 
induced arthritis model and in animal model of 
Alzheimer’s Disease.  

8.5     HDL Mimetic Peptides, 
Oxidized Lipids and PON1 

 On an atherogenic diet, PON1 activity decreased 
by 52 % in atherosclerosis susceptible mice, 
C57BL/6 J (BL/6), but not in fatty streak resistant 
mice, C3H/HeJ (C3H) [ 20 ]. In apolipoprotein E 
knockout mice on the chow diet also plasma 
PON1 activity was signifi cantly decreased as 
compared to controls. Furthermore, in LDL 
receptor knockout mice when they were fed a 
0.15 %-cholesterol-enriched diet a signifi cant 
decrease in PON1 activity was observed. Injection 
of mildly oxidized LDL but not native LDL 
resulted in a 59 % decrease in PON1 activity in 
BL/6 mice but not in C3H mice on a chow diet. 
A threefold reduction in mRNA levels for PON1 

was observed following treatment of HepG2 
cells in culture with mildly oxidized LDL (but not 
native LDL). We additionally reported that, the 
total cholesterol/HDL cholesterol ratio was 
3.1 ± 0.9 as compared to 2.9 ± 0.4 in the controls 
in normolipidemic patients with angiographically 
documented coronary artery disease who did not 
have diabetes and were not on lipid- lowering 
medication [ 20 ]. This difference was however 
not statistically signifi cant. In a subset of these 
normolipidemic patients, despite similar normal 
HDL levels, the PON1 activity was low (48 ± 6.6 
versus 98 ± 17 U/ml for controls;  p  = 0.009). 
As predicted the HDL from these patients failed 
to protect against LDL oxidation in co-cultures 
of human artery wall cells. Forte and colleagues 
showed [ 21 ] that compared with controls on 
the chow diet, ApoE −/−  mice had elevated lyso-
phosphatidylcholine and bioactive oxidized 
phospholipids (1-palmitoyl- 2-oxovaleryl- sn - 
glycero -3-phosphocholine and 1-palmitoyl-2- 
glutaryl- sn -glycero- 3-phosphocholine). In these 
mice on a chow diet elevated oxidized phospho-
lipids may, in part, contribute to spontaneous 
lesions. PON1 activity in these mice decreased 
by 38 %. It has been suggested that removal of 
oxidized fatty acids from HDL might cause the 
return of PON1 activity. We have observed that 
when ApoE-defi cient mouse plasma is incubated 
with PON1 and FPLC fractionation of lipopro-
teins is performed, PON1 is found in the post 
HDL region in addition to in HDL-containing 
fractions. We have shown that early during the 
incubation, PON is present in HDL-like particles 
that contain cholesterol, apoA-I, and other HDL 
constituents and co-elute with albumin. It is 
possible that 4F accelerates apoA-I cycling, 
pre-beta formation and remodeling of HDL. We 
have also observed that when human plasma is 
incubated with 4F in vitro, PON1 activity is 
increased. As for the underlying mechanism, 
one possibility could be the removal of oxidized 
lipids from HDL and reactivation of PON1 by 
4F. Another might be the changes in lipid–protein 
interaction such as that in phospholipid–apoA-I–
PON1 interactions. The peptide 4F therefore 
might have benefi cial effects supporting HDL 
function in individuals under conditions that 
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result in low PON1 by removing oxidized 
lipids and reactivating antioxidant enzymes 
including PON1.  

8.6     The Role of Intestine 
in Systemic Infl ammation 
and Effect on PON1 

 In recent years our group has focused on the role 
of small intestine in systemic infl ammation, HDL 
protective capacity and cardiovascular function. 
This came about when we observed that oral 
administration of the peptide 4F reduced systemic 
infl ammation while the plasma levels of the 
peptide were very low [ 22 ]. To test the hypothesis 
that intestine is a major site of action for D-4F, 
we fed LDLR −/−  mice a Western diet (WD) and 
administered the peptide orally or subcutane-
ously (SQ). Whereas peptide levels in small 
intestine only varied by 1.66 ± 0.33-fold, plasma 
and liver D-4F levels were 298-fold and 96-fold 
higher, respectively, after SQ administration. 
Levels of metabolites of arachidonic and linoleic 
acids known to bind with high affi nity to D-4F 
were signifi cantly reduced liver, hepatic bile and in 
intestine, to a similar degree whether administered 
orally or SQ. Levels of 20-HETE however, which 
is known to bind the peptide with low affi nity, 
were unchanged. D-4F treatment increased HDL-
cholesterol levels, PON 1 activity and reduced 
plasma serum amyloid A (SAA) and triglyceride 
level similarly after oral or SQ administration. 
SAA levels correlated signifi cantly with plasma 
levels of metabolites of arachidonic and linoleic 
acids. Feeding 15-HETE in chow (without WD) 
signifi cantly decreased HDL-cholesterol and 
PON1 activity and increased plasma SAA and 
triglyceride levels, all of which were signifi cantly 
ameliorated by SQ D-4F. Administering 4F along 
with 15-HETE prevented the reduction in PON 1 
activity (Fig.  8.2 ). We therefore concluded that 
D-4F administration reduced levels of free 
metabolites of arachidonic and linoleic acids in 
the small intestine and this was associated with 
increased PON1 activity and decreased infl am-
mation in LDL receptor defi cient mice [ 22 ].

8.7        Summary 

 Under conditions of excess infl ammatory pres-
sure the ability of HDL to protect itself and other 
lipid-containing molecules and structures might 
be reduced, HDL be damaged, antioxidant 
enzymes such as PON1 be inactivated, and even 
HDL itself act as a proinfl ammatory molecule. 
Fortunately PON1 has the ability to prevent lipid 
oxidation and may even inactivate oxidized lipids 
once formed, and thus protect HDL against the 
infl ammatory pressure. Reduction of lipid and 
protein oxidation by agents such as HDL mimetic 
peptides may prove to be an effective way of 
supporting the protective role of HDL.     

  Fig. 8.2    Feeding LDLR −/−  mice 15-HETE administered 
in mouse chow (without the WD) decreased plasma HDL- 
cholesterol levels, increased plasma triglyceride levels, 
decreased PON activity, and increased plasma SAA 
levels, all of which was ameliorated by D-4F treatment. 
Female LDLR −/−  mice (10–11 months of age; n = 20 per 
group) were fed laboratory rodent chow (Ralston Purina) 
prepared and presented to the mice as described in 
Materials and Methods. The chow did or did not contain 
15-HETE at a concentration of 1 ug per gram diet to 
provide each mouse on average with 5 ug of 15-HETE per 
day. The mice received daily SQ injections of saline or SQ 
saline containing D-4F at a dosage of 900 ug/mouse/day. 
After 2 weeks on the diet, 2–3 h after the last SQ dose, 
the mice were bled, and their plasma was analyzed for 
PON1 activity and other analytes. The data shown are 
mean ± SD       
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