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 As apolipoprotein (apo)A-I possesses tandem repeating 
class A amphipathic helical motifs, several investigators 
(including our own laboratory) have developed peptides 
that possess the class A amphipathic helical motif and have 
shown that, similar to apoA-I, several of these peptides not 
only interact with phospholipids to form nascent HDL-like 
peptide-lipid discoidal complexes but also possess both 
anti-infl ammatory and cellular cholesterol effl uxing prop-
erties ( 1–3 ). Several papers have been published using 4F 
and D-4F peptides to demonstrate that the peptides inhibit 
or slow down the onset of several infl ammatory diseases, 
including atherosclerosis (reviewed in Ref.  4 ). When 4F is 
synthesized from all D amino acids, the resulting D-4F is 
orally active and can be administered either in drinking 
water or mixed with food to inhibit infl ammatory pro-
cesses ( 5 ). However, not all of the class A peptides are anti-
infl ammatory ( 6, 7 ). It has been shown that the clustering 
of aromatic residues on the nonpolar face of a class A am-
phipathic helical motif favors its association with oxidized 
phospholipid ( 6–9 ). 

 An ideal strategy for inhibiting atherosclerosis would 
not only decrease plasma cholesterol levels but also in-
crease anti-infl ammatory properties. ApoE, the protein 
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main cationic apolipoprotein-mimetic peptide, reduces 
plasma cholesterol levels in dyslipidemic mice. Two single-
domain cationic peptides based on the lytic class L peptide 
18L were developed to test the hypothesis that a single-
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sclerosis in apolipoprotein (apo)E null mice when orally 
administered. To incorporate anti-infl ammatory properties, 
aromatic residues were clustered in the nonpolar face simi-
lar to peptide 4F, resulting in modifi ed 18L (m18L). To re-
duce lytic properties, the Lys residues of 18L were replaced 
with Arg with the resulting peptide called modifi ed R18L 
(mR18L). Biophysical studies showed that mR18L had 
stronger interactions with lipids than did m18L. Peptide 
mR18L was also more effective than m18L in promoting 
LDL uptake by HepG2 cells. ApoE null mice received nor-
mal chow or chow containing m18L or mR18L for six weeks. 
A signifi cant reduction in plasma cholesterol and aortic si-
nus lesion area was seen only in the mR18L group. Plasma 
from mice administered mR18L, unlike those from the con-
trol and m18L groups, did not enhance monocyte adhesion 
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Arg (R) as the basic amino acid, was able to enhance up-
take of atherogenic lipoproteins by hepatocytes, the cor-
responding Lys analog (m18L) was less active. In addition, 
oral administration of mR18L, but not m18L, inhibited 
atherosclerotic lesion formation in apoE null mice. Fur-
thermore, the plasma from mR18L-administered mice 
did not enhance monocyte adhesion to bovine aortic endo-
thelial cells (BAEC), whereas the plasma from control 
(chow-fed) and m18L-administered mice did not prevent 
monocyte recruitment by BAEC. 

 MATERIALS AND METHODS 

 Materials 
 Peptide m18L with the sequence Ac-G-F-K-K-F-L-G-S-W-A-K-I-Y-

K-A-F-V-G-NH 2  and its Arg analog (mR18L; all of the Lys in m18L 
replaced by Arg) were synthesized by the solid phase peptide syn-
thesis method using fl uorenylmethyloxycarbonyl (FMOC) amino 
acids and suitable protected amino acids as described previously 
( 13 ). The peptides were purifi ed by preparative HPLC, and the 
purity and identity of the peptides were determined by analytical 
HPLC and mass spectra.  14 C-labeled peptides were synthesized by 
blocking the N-terminus with  14 C-acetic acid. The rest of the pro-
cedures for the cleavage of the peptide from the resin and purifi -
cation and identifi cation of the required peptide were done 
according the procedure described previously ( 6 ). 

 ApoE null female mice were purchased from the Jackson labo-
ratory (Bar Harbor, ME) and were maintained on a chow diet 
(Ralston Purina). Peptide concentrations were determined as de-
scribed previously ( 6, 7 ). Lipids were purchased from Avanti 
Polar Lipids (Birmingham, AL). All protocols involving mice were 
approved by the University of Alabama at Birmingham Institu-
tional Animal Care and Use Committee. 

 Right-angle light scattering measurements 
 Association of these peptides with palmitoyloleoyl phosphati-

dylcholine (POPC) was determined by following the dissolution 
of POPC multilamellar vesicles (MLV) by right-angle light scat-
tering using an SLM 8000C photon counting spectrofl uorometer 
as described ( 18 ). POPC MLV were prepared by evaporating a 
chloroform:methanol (2:1) solution of POPC (Avanti Polar Lip-
ids) under nitrogen and hydrating the lipid fi lm with phosphate 
buffered saline (pH 7.4). The sample, containing 100  � M of 
POPC and an equimolar amount of peptide, was maintained at 

component of VLDL and HDL, has been shown to have 
anti-atherogenic properties ( 10, 11 ). Mice overexpressing 
apoE have accelerated clearance of plasma lipoproteins 
( 10 ). Injection of apoE into cholesterol-fed rabbits reduces 
atherogenic plasma lipoproteins ( 11 ), and deletion of the 
apoE gene in mice produces spontaneous atherosclerosis 
( 12 ). ApoE also exerts vascular protective effects. On the 
basis of the idea that apoE possesses the putative receptor 
binding domain (141–155 region of apoE) at the N-termi-
nus and a lipid binding domain at the C terminus, we de-
signed a dual-domain peptide Ac-hE18A-NH 2  in which 
residues 141–150 of apoE, LRKLRKRLLR, is covalently 
bound to the model class A peptide 18A ( 2 ). This peptide 
is capable of reducing plasma cholesterol via hepatic up-
take and has anti-infl ammatory properties ( 13–15 ). How-
ever, this peptide has only been shown to be active when 
intravenously administered. 

 In search for an orally active peptide possessing both 
cholesterol reducing and anti-infl ammatory properties, we 
turned our attention to the cationic model class L (lytic) 
peptide studied by us previously ( 16 ). Class A peptides 
were able to inhibit 18L-induced lysis of erythrocytes ( 16 ). 
We also observed that modifi cation of the Lys residues by 
dimethylation or replacement by Arg reduced the lytic 
properties of 18L by disrupting the inverted wedge-shape 
( 16 ). Our previous observations suggest that the presence 
of a cluster of aromatic amino acids increase  � -electron 
clustering at the center of the nonpolar face of the class A 
peptide and promote a selective association of the peptide 
to oxidized lipids, imparting anti-infl ammatory properties 
to the peptides ( 6, 17 ). Therefore, we modifi ed the 18L 
peptide sequence (  Fig. 1A  ) by incorporating aromatic 
amino acids at the center of the nonpolar face ( Fig. 1B ), 
generating modifi ed 18L (m18L). We have shown that the 
ability of class L analogs to lyse membranes and induce 
inverted lipid phase was reduced by decreasing the bulk of 
an interfacial residue, increasing the angle subtended by 
the polar face, or increasing the bulk of basic residues 
( 16 ). Thus, m18L was further modifi ed by substituting Lys 
residues with Arg to yield mR18L with the sequence Ac-
GFRRFLGSWARIYRAFVG-NH 2  ( Fig. 1C ). In this study, we 
present evidence demonstrating that while mR18L, with 

  Fig.   1.  Helical wheel diagrams of the model class L synthetic peptide analog 18L (A), the Lys analog m18L 
(B), and the Arg analog mR18L (C). Bold circles represent hydrophobic amino acid residues. Aromatic resi-
dues are at the center of the hydrophobic face in m18L and mR18L while, with the exception of the K to R 
substitution, the hydrophilic face is the same in all three peptides.   
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for m18L was 150 µl at a concentration of 0.75 mg/ml and con-
tained 1.38 × 10 6  cpm. The gavage volume for mR18L was 150 µl 
at a concentration of 0.67 mg/ml and contained 4.85 × 10 5  cpm. 
Mice were bled at various time points, and  14 C radioactivity was 
measured in each of the samples. Three samples were taken at 
each time point from different mice. As the specifi c activity of 
m18L was higher than that for mR18L, plasma levels were ex-
pressed as % gavaged cpm. Plasma taken 15 min postgavage was 
analyzed by reverse-phase HPLC for content of intact  14 C-labeled 
peptide and  14 C acetate. 

 Oral administration of peptides and effect on plasma 
cholesterol and lesion 

 To determine if oral administration of peptide lowers plasma 
cholesterol and reduces aortic lesions, four-week old apoE null fe-
male mice were administered chow-containing peptide (1 mg pep-
tide/4 g of chow) for six weeks. Peptide was premixed with 
powdered normal mouse chow (powdered rodent diet #2018-M, 
Harlan-Teklad), which was then moistened, pelleted, and dried. 
Control chow was prepared the same way but omitted the peptide. 
Plasma was collected by retro-orbital bleeding at baseline, three 
weeks, and six weeks. At the end of six weeks, hearts were excised 
and stored in 0.9% saline for about 1 h to permit heart muscle to 
relax. They were then fi xed in phosphate buffered 4% formalde-
hyde until sectioned. Histological evaluations were performed as 
described earlier ( 21 ). Briefl y, hearts were fi xed for at least 1 week 
in the phosphate-buffered formaldehyde solution. After the lower 
two-thirds of the hearts were removed, the remaining tissue was 
frozen in freezing medium (OCT Tissue-Tek; Miles Laboratories, 
Elkhart, IN) and sectioned in a cryostat at  � 20°C. Alternate 20 µm 
sections were saved on slides and observed for the beginning of the 
aortic root. Sections were then collected for an additional 600 µm, 
or until the aortic cross-section was rounded, and the valve cusps 
were no longer evident. Slides were stained with Oil Red O and 
counterstained with hematoxylin. Stained lesion cross-sectional ar-
eas were measured in consecutive slides 80 µm apart by image 
analysis (SigmaScan Pro; SPSS Science, Chicago, IL), and the aver-
age lesion area was determined over the 400 µm length sliding 
window (fi ve slides, with each fi ve-slide window beginning with the 
next consecutive slide). The fi ve-slide window that provided the 
greatest mean lesion area was used for analysis. 

 Plasma cholesterol profi les were analyzed using the column li-
poprotein profi le CLiP method, which employs fast-performance 
liquid chromatography (FPLC) followed by a postcolumn reactor 
where cholesterol reagent is mixed with the column eluent ( 22 ). 

 Monocyte adhesion assays 
 The ability of plasma from peptide-treated and control ani-

mals to promote monocyte adhesion to endothelial cells was as-
sessed by bovine aortic endothelial cell (BAEC) assay ( 7, 23 ). 
BAEC were grown to 80% confl uency in 24-well plates. They were 
treated with medium alone, lipopolysaccharide (1µg/ml, as a 
positive control), or 200 µl of plasma from control or peptide-
treated (m18L or mR18L) mice (each tested sample was pooled 
from 2–3 mice) and incubated for 6 h. They were then washed 
with PBS and incubated with calcein-labeled THP-1 monocytes 
for 1 h at 37°C. [THP-1 monocytes were labeled with calcein as 
per the manufacturer’s instructions (Invitrogen Molecular 
Probes, Carlsbad, CA)]. The BAEC were washed, and fl uores-
cence was measured using an excitation wavelength of 495 nm 
and an emission at 517 nm. 

 Statistical analysis 
 Groups were compared by one way ANOVA, and posthoc two-

tailed Student’s  t -tests were performed on groups found to be 

25°C and continuously stirred. Turbidity clarifi cation was moni-
tored at 400 nm for 30 min. 

 Differential scanning calorimetry 
 Stearoyloleoyl phosphatidylcholine (SOPC) with or without 

cholesterol were codissolved in chloroform:methanol (2:1, v/v). 
For samples containing peptide, an aliquot of a solution of 
the peptide in methanol was added to the lipid solution in 
chloroform:methanol. The solvent was then evaporated under a 
stream of nitrogen with constant rotation of the test tube to de-
posit a uniform fi lm over the bottom third of the tube. Last traces 
of the solvent were removed by placing the tube under high vac-
uum for at least 3 h. The lipid fi lm was then hydrated with 20 mM 
PIPES, 1 mM EDTA, 150 mM NaCl with 0.002% NaN 3 , pH 7.4 
and suspended by intermittent vortexing and heating to 50°C 
over a period of 2 min under argon. 

 Measurements were made using a Nano Differential Scanning 
Calorimeter (Calorimetry Sciences Corporation, Lindon, UT). 
Each sample was scanned with two or three cycles of heating and 
cooling between 0 and 100°C. The scan rate was 2°C/min with a 
delay of 5 min between sequential scans in a series to allow for 
thermal equilibration. The features of the design of this instru-
ment have been described ( 19 ). Differential scanning calorime-
try (DSC) curves were analyzed by using the fi tting program 
DA-2, provided by Microcal Inc. (Northampton, MA) and plotted 
with Origin version 7.0. 

 Cellular uptake by HepG2 cells 
 The uptake of LDL by HepG2 cells was measured as described 

by Goldstein and Brown ( 20 ) and detailed in Ref.  13 . HepG2 cells 
were grown in DMEM containing 10% fetal calf serum (FCS) and 
penicillin-streptomycin-amphotericin in 6-well plates and used af-
ter reaching 75–90% confl uency (two or three days). The seeding 
density of cells used was 1.5 × 10 5  to 3 × 10 5  cells/ml of medium. 
Cells were incubated with medium containing lipoprotein-defi -
cient serum (LPDS) for 24 h prior to use. The peptide was allowed 
to associate with LDL by incubating  125 I-LDL for 1 h at 4°C. The 
peptides were found to bind LDL similarly (supplementary Table 
I). Cells were incubated with peptide-treated  125 I-LDL (or control 
LDL) at 4°C for 2 h. After washing four times with ice-cold PBS 
containing 2 mg/ml BSA to remove nonspecifi cally bound lipo-
protein, specifi cally bound LDL was released by washing with hep-
arin. Similar amounts of label were removed by heparin washing 
(m18L, 43.2%; mR18L, 45.6% of total cpm added to the wells). 
The cells were then dissolved in 0.1N NaOH and counted. The 
counts refl ected the amount of LDL that was internalized. 

 Intravenous administration of the peptides and acute 
effect on plasma cholesterol in apoE null mice 

 To determine if the peptides possess short-term effects on de-
creasing plasma cholesterol, 75  � g of the peptides in 100  � l sa-
line was administered intravenously (n = 4 in each group) to 
apoE null female mice. A control group of three apoE null mice 
received vehicle (saline). Blood was drawn retro-orbitally at 0 
min, 2 min, and 5 h. Plasma cholesterol levels were determined 
using a commercially available kit (Infi nity cholesterol reagent, 
Thermo Scientifi c). The effect of proteoglycans on peptide-
mediated cholesterol reduction was assessed by injecting saline 
or heparinase (50 units/mouse; Sigma) intravenously 5 min be-
fore peptide injection. 

 Bioavailability of  14 C-labeled peptides in plasma upon 
oral administration by gavage 

  14 C-labeled m18L and mR18L in saline were administered 
by gavage to fasting female apoE null mice. The gavage volume 
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the peptide mR18L ( Fig. 3 ). Higher mole fractions of 
mR18L cause an even greater reduction in the transition 
enthalpy (data not shown). These results indicate that the 
insertion of the mR18L peptide into bilayers of the zwitte-
rionic lipid SOPC is much greater than that of m18L. 

 mR18L is more effective in segregating cholesterol than 
is m18L 

 Cholesterol is known to markedly broaden and reduce 
the phase transition enthalpy of phosphatidylcholines. We 
have used this phenomenon to assess the extent of segre-
gation of cholesterol and phospholipids ( 24 ). Peptide-in-
duced separation of cholesterol and phosphatidylcholine 
can result from the peptide preferentially interacting with 
one of the two lipid components. Preferential interaction 
with cholesterol-rich domains leads to separation of a cho-
lesterol-depleted domain of phospholipid that gives rise to 
a larger and sharper gel-to-liquid crystalline transition. 
However, preferential interaction with phosphatidylcho-
line results in less change in this transition. Both mecha-
nisms of phase separation have been observed to give rise 
to cholesterol crystallites, presumably arising from choles-
terol-rich domains in which the cholesterol has passed its 
solubility limit in the membrane. This later type behavior 
has been observed with the peptide 4F ( 25 ). Using a mix-
ture of 60% SOPC and 40% cholesterol, no peaks corre-
sponding to cholesterol crystallites were observed (  Fig. 4  ). 
There is a small and broad peak that could be seen more 
clearly in cooling scans, corresponding to the liquid crys-
talline-to-gel transition at about 7°C. Addition of only 5 
mol% mR18L resulted in the appearance of distinct peaks 
corresponding to the polymorphic transition of anhydrous 
cholesterol with its characteristic hysteresis, appearing 
shifted about 15 degrees to lower temperature on cooling 
compared with heating ( Fig. 4 ). In contrast, these choles-
terol crystallite transitions were not observed when the 
peptide m18L was substituted for mR18L. We also made 
samples at other ratios of SOPC:cholesterol and other mol 
fractions of added peptide between 5 and 15%. At an 
SOPC:cholesterol ratio of 7:3, no cholesterol crystallite 
transitions were observed for any of the samples (data not 
shown). At the 6:4 ratio of SOPC:cholesterol, no choles-
terol crystallites were observed up to 15 mol% m18L. For 
mR18L, the amount of cholesterol crystallites actually de-
creased with increased peptide concentration, suggesting 
that the peptide was beginning to bind to cholesterol-rich 
domains at higher peptide concentration. Finally for a 1:1 
mixture of SOPC:cholesterol, cholesterol crystallites were 
detected at 5, 10, and 15 mol% mR18L, but for m18L, cho-
lesterol crystallite peaks were observed only in the fi rst heat-
ing scan and not in subsequent scans (data not shown). 

 Fluorescence titrations were done with m18L and 
mR18L and oxidized lipids. The results in terms of bind-
ing affi nity are summarized in   Table 1  , together with val-
ues from our earlier study on 2F and 4F ( 9 ). Peptide m18L 
behaves very similarly to 2F, while peptide mR18L binds 
oxidized lipids better than m18L. However, it is not as po-
tent in binding oxidized lipids as is 4F. Thus, not all peptides 
with aromatic lipid clusters have potent anti-atherogenic 

signifi cantly different by ANOVA. Groups were considered to be 
signifi cantly different when  P  < 0.05. 

 RESULTS 

 Cationic single-domain peptides m18L and mR18L 
associate with phospholipids 

 Association of peptides with multilamellar POPC vesi-
cles converts turbid suspensions into clear solutions due to 
peptide:lipid complex formation ( 1, 2 ). This can be mea-
sured by right-angle light scattering. As shown in   Fig. 2  , 
addition of both m18L and mR18L peptide solution to 
MLV of POPC clarifi es POPC MLV to form complexes. 
However, mR18L (75% clarifi cation) appears to clarify 
POPC to a greater extent than m18L (60% clarifi cation). 
These results indicate that the peptides are capable of as-
sociating with lipoproteins. In a mixing experiment, [ 14 C]
m18L or [ 14 C]mR18L was added to apoE null plasma and 
subjected to ultracentrifugation at a density of 1.21. Of the 
total radioactivity, 46.97% of m18L and 46.04% of mR18L 
(mean of two observations) were in the lipoprotein frac-
tions. Although attempts were made to optimize the mo-
bile phase, analyses by FPLC could not be conducted as 
the peptides strongly adsorbed to the column matrix. 

 Stronger interactions of mR18L than m18L 
with phospholipids 

 DSC can be used to measure the gel-to-liquid crystalline 
phase transition of phospholipids. For a single molecular 
component phospholipid, this transition is highly cooper-
ative and gives rise to a sharp endothermic peak in the 
DSC thermogram. POPC has palmitoyl and SOPC has 
stearoyl fatty acyl chain in the sn-1 position. The sn-2 chain 
is identical in both POPC and SOPC. Thus, the lipid SOPC 
used for these experiments was based on the relative ease 
of observing phase transition using DSC, and unlike POPC, 
its phase transition temperature is above 0°C (  Fig. 3  ). The 
phase transition of this lipid is not greatly affected by the 
presence of 7.5 mol% m18L, but the transition is broad-
ened and markedly reduced in enthalpy with 5 mol% of 

  Fig.   2.  Both m18L and mR18L clarify POPC suspensions. Shown 
are representative POPC clarifi cation curves of the relative right-
angle light scattering of the dissolution of POPC MLV by single-
domain peptides as a function of time. An equimolar concentration 
of peptide and POPC (100  � M) was monitored at 400 nm. POPC 
( � ), m18L ( � ), and mR18L ( � ). MLV, multilamellar vesicle; 
POPC, palmitoyloleoyl phosphatidylcholine.   
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 Bioavailability of peptide upon oral administration 
 Bioavailability of both  14 C-labeled m18L and mR18L 

were determined after both intravenous injection and gav-
age into apoE null mice. As shown in supplementary Fig. I, 
clearance of both peptides following intravenous injection 
was rapid and nearly identical for both peptides. In the 
gavage experiment, early time points were taken to deter-
mine time to maximum levels. Surprisingly, both peptides 
had a biphasic time course of entry, with a peak at 15 min 
and a second at 45 min (  Fig. 7A  ). Although peptide mR18L 
had a somewhat lower fi rst peak and higher second peak 
than m18L, the areas under the curve (AUC) were similar 
( Fig. 7B ). Plasma taken 15 min postgavage was analyzed by 
reverse-phase HPLC for content of intact  14 C-labeled pep-
tide and  14 C polar material (supplementary Fig. II). Of the 
radioactivity eluted from the column of plasma from mice 
gavaged with [ 14 C]mR18L, 43.3% eluted in the void vol-
ume as polar material, whereas 56.7% eluted in a position 
identical to the original peptide. In contrast, peptide 
m18L was essentially entirely intact, with no early-eluting 
polar peak (supplementary Fig. II). Similar analyses were 
not performed at later time points, as radioactivity in the 
plasma was insuffi cient for analysis. Plasma paraoxonase-1 
activity and lipid hydroperoxide levels were measured fol-
lowing administration. No signifi cant differences between 
the groups were found (data not shown). 

 Effect of oral administration of single-domain peptides 
on plasma cholesterol, lesion inhibition, and 
monocyte adhesion 

 Plasma cholesterol levels were determined in all the 
three groups at baseline (before the treatments were 
started), at midpoint of the experiment (three weeks), and 
at the end of the study period (six weeks). As shown in   Fig. 
8A  , oral administration of the peptide mR18L, but not the 

activity; therefore, the nature of the hydrophilic face is 
also important. 

 Peptide mR18L enhances the uptake of LDL by HepG2 
cells to a greater extent than m18L 

 The effect of the single-domain cationic peptides on the 
uptake of  125 I-LDL by HepG2 cells was examined. LDL up-
take was signifi cantly enhanced by m18L and mR18L (10 
 � g/ml) to different extents (  Fig. 5  ). The substitution of 
Lys residues of m18L with Arg residues in mR18L appears 
to further enhance the ability of these peptides to mediate 
LDL uptake ( Fig. 5 ). Thus, it may be that the cluster of 
positively charged residues in Arg facilitates a greater in-
teraction with heparan sulfate proteoglycan (HSPG) on 
the surface of hepatocytes. Here we show that mR18L en-
hanced LDL uptake almost 10 times more than vehicle 
treatment and was twice as effective as m18L-induced LDL 
uptake (which was 5 times greater than controls). 

 Effect of intravenous administration of peptides on 
plasma cholesterol 

 The cholesterol-lowering abilities of peptides mR18L 
and m18L were determined in apoE null mice. A single 
dose of peptide (75  � g) administered intravenously showed 
that both m18L and mR18L were capable of reducing the 
plasma cholesterol level at 5 min to the same extent (  Fig. 
6A  ). At the 5 h time point, the peptide mR18L showed sig-
nifi cantly lower levels of plasma cholesterol compared with 
m18L and saline-administered mice. Preinjection of hepa-
rinase before peptide administration partially blocked pep-
tide-mediated cholesterol reduction ( Fig. 6B ). The failure 
to fully block the effects of peptides on cholesterol levels 
may have been due to insuffi cient heparinase activity, time 
of pretreatment, or only partial contribution of HSPG to 
peptide-mediated cholesterol reduction. 

  Fig.   4.  Differential scanning calorimetry of SOPC:
cholesterol (6:4) alone and with 5 mol% m18L or 
with 5 mol% mR18L. Scan rate 2K/min. Lipid con-
centration 2.5 mg/ml in 20 mM PIPES, 1 mM 
EDTA, and 150 mM NaCl with 0.002% NaN 3 , pH 7.4. 
Sequential heating and cooling scans were done be-
tween 0 and 100°C. Numbers are the order in which 
the scans were carried out, with scans 1 and 3 being 
heating scans, each of which was followed by cooling 
scan 2 or 4. Scans are displaced along the Y axis 
for clarity of presentation. SOPC, stearoyloleoyl 
phosphatidylcholine.   

  Fig.   3.  Differential scanning calorimetry of SOPC 
alone and with 7.5 mol% m18L or with 5 mol% 
mR18L. Scan rate 2K/min. Lipid concentration 2.5 
mg/ml in 20 mM PIPES, 1 mM EDTA, and 150 mM 
NaCl with 0.002% NaN 3 , pH 7.4. Sequential heating 
and cooling scans were done between 0 and 100°C. 
Numbers are the order in which the scans were car-
ried out, with scans 1 and 3 being heating scans, each 
of which was followed by cooling scan 2 or 4. Scans 
are displaced along the Y axis for clarity of presenta-
tion. SOPC, stearoyloleoyl phosphatidylcholine.   
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  Fig.   6.  Intravenous administration of m18L and mR18L decreases 
plasma cholesterol levels at least partially mediated by heparin sul-
fate proteoglycans. A: Vehicle (saline;  � ) and 75 µg of m18L ( � ) 
and mR18L ( � ) were injected into female apoE null mice intrave-
nously. Blood was drawn at 0 min, 2 min, and 5 h after injection. 
Both peptides were effective in decreasing plasma cholesterol levels 
signifi cantly at 2 min, and this continued up to 5 h. n = 3 in the saline 
group and 4 in each treatment group. Data are expressed as mean ± 
SEM. ** P  < 0.025; m18L versus mR18L. Both peptide groups were 
signifi cantly different from the saline group at 5 min and 5 h ( P  < 
0.001). B: The effect of proteoglycans on peptide-mediated choles-
terol reduction was assessed by injected saline or heparinase (50 
units/mouse; Sigma) intravenously 5 min before peptide injection. 
Data shown represent mean ± SEM (n = 6 in each group) for saline 
then m18L (black bars), heparinase then m18L (white bars), saline 
then mR18L (single hatched bars), and heparinase then mR18L 
(double-hatched bars).  †  P  < 0.001, saline versus heparinase in each 
peptide group. All 10 min levels were signifi cantly reduced com-
pared with baseline ( P  < 0.001). Apo, apolipoprotein.   

  Fig.   5.  Single-domain cationic peptides, mR18L and m18L, en-
hance LDL uptake by HepG2 cells. Uptake of  125 I-LDL was en-
hanced 5-fold by m18L (10  � g/ml; n = 6) and 10-fold by mR18L 
(10  � g/ml; n = 6). Data are expressed as mean ± SEM.  ‡  P  < 0.001 
denotes that all groups are signifi cantly different from each other.   

 TABLE 1. Partition constants and free energy of binding of peptides m18L and mR18L to oxidized lipids 

Lipid

m18L mR18L 4F 2F

Kp
 � G

(kcal/mol) Kp
 � G

(kcal/mol) Kp
 � G 

(kcal/mol) Kp
 � G

(kcal/mol)

PGPC 3.4 × 10 6  � 8.96 6.4 × 10 6  � 9.34 1.6 × 10 7  � 9.9 3.1 × 10 6  � 8.9
Azelaoyl PAF 2.8 × 10 6  � 8.85 3.9 × 10 6  � 9.04 1.4 × 10 7  � 9.8 2.7 × 10 6  � 8.6
PVOPC 2.5 × 10 6  � 8.78 4.3 × 10 6  � 9.10 — — — —

control peptide m18L, reduced plasma cholesterol levels 
signifi cantly at both time points; i.e., at three weeks (9% 
reduction) and at six weeks (14% reduction) compared 
with baseline levels. Cholesterol profi les demonstrated 
that the reduction was entirely in the VLDL region (sup-
plementary Fig. III). Plasma cholesterol values for control 
mice and m18L-treated mice were not different from their 
baseline levels. Thus, even though a small amount of the 
peptide enters plasma, it was effective in lowering choles-
terol levels signifi cantly. 

 Mice were euthanized at the end of six weeks for organ 
collection. The aortic sinus lesion area was measured. As 
shown in  Fig. 8B , mice administered with peptide mR18L 
had signifi cantly less atherosclerotic lesion area compared 
with the control and peptide m18L-treated mice. This 
fi nding is in accordance with the decrease in plasma cho-
lesterol levels observed by this treatment. 

 As peptide mR18L was designed so that it possessed 
both cholesterol-lowering ability and anti-infl ammatory 
properties, we analyzed the anti-infl ammatory property of 
the peptide by determining its ability to inhibit the adhe-
sion of monocytes to bovine aortic endothelial cells. We 
used lipopolysaccharide (LPS) treatment, which is known 
to enhance monocyte adhesion, as a positive control in 
this experiment. Adhesion of THP-1 monocytes to BAEC 
treated with LPS was 2-fold more than to cells that were 
not incubated with LPS and 1.3 times more than cells 
treated with plasma from apoE null mice (control). Plasma 
from control and m18L-treated groups enhanced mono-
cyte adhesion to BAEC compared with cells that had not 
been treated. There was no signifi cant difference between 
these samples. These results suggested the presence of 

infl ammatory molecules in the plasma from saline and 
m18L-administered mice that could induce adhesion 
molecules, such as VCAM-1, in BAEC, leading to increased 
adhesion of monocytes. In contrast, plasma from mR18L-
administered mice showed no change in monocyte adhesion 
to BAEC compared with untreated control cells (  Fig. 9  ), 
suggesting that mR18L has anti-infl ammatory properties and 
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this peptide having a greater affi nity for the SOPC compo-
nent of the mixture and, therefore, being more effective 
in excluding cholesterol. This could potentially allow 
greater water penetration into the membrane ( 25 ), which 
has been postulated to correlate with anti-infl ammatory 
properties ( 6 ). Several examples in the literature indicate 
that peptides with Arg penetrate membranes more deeply 
than the same peptides containing Lys, Arg being a crucial 
residue for the membrane insertion in cationic cell-pene-
trating peptides (CCP) ( 26 ). Recent evidence demon-
strated that the guanidine groups of Arg residues in 
penetratin form hydrogen bonds with phosphate groups 
and that this interaction is important for the functioning 
of these peptides ( 27 ). This interaction had also been pre-
dicted by molecular dynamics studies ( 28 ). The ability of 
Arg-rich sequences to partition into a more hydrophobic 
phase also supports stronger membrane interactions of 
Arg compared with Lys ( 29 ). 

 Free-energy perturbation calculations to estimate the pK 
of an Arg side chain in a 7-dipalmitoyl phosphatidylcholine 

administration to apoE null mice ameliorates the infl amma-
tory responses seen in control apoE null mice. 

 DISCUSSION 

 The arginine-containing peptide mR18L exhibits 
greater atheroprotective activity than its lysine-containing 
analog m18L ( Figs. 8 and 9 ). Binding studies indicate that 
both peptides possess similar abilities to bind to human 
LDL and to the isolated lipoprotein fraction (d < 1.21 
g/ml) from apoE null mouse plasma. Thus the difference 
in the biological activity does not appear to be due to bind-
ing to lipoproteins. Oral bioavailability studies also indi-
cate that both peptides enter circulation at nearly equal 
levels ( Fig.7A, B ). Retro-orbital administration of 75  � g/
mouse in female apoE null mice showed both the peptides 
reduced plasma cholesterol levels; the mR18L peptide was 
more effective than m18L ( Fig. 6A ), with at least some of 
this cholesterol reduction dependent on HSPG ( Fig. 6B ). 
These results are in agreement with the results obtained in 
vitro using hepatocytes ( Fig. 5 ). Physical chemical proper-
ties studied by right-angle light scattering ( Fig. 2 ) and DSC 
also indicate a greater interaction of mR18L with SOPC 
compared to m18L with SOPC ( Figs. 3 and 4 ), as well as a 
greater ability to bind oxidized lipids compared to m18L 
( Table 1 ). The more potent sequestration of cholesterol 
in membranes with SOPC by mR18L is also consistent with 

  Fig.   7.  Peptides m18L and mR18L are orally bioavailable. A: 112 µg 
of [ 14 C]m18L ( � ) and 100 µg of [ 14 C]mR18L ( � ) in saline were 
administered by gavage to female apoE null mice. Specifi c activity of 
m18L was 1.23 × 10 7 , and mR18L, 4.83 × 10 6  cpm/mg peptide. Blood 
was drawn at various time points as indicated. Radioactivity in plasma 
at different time points (n = 3 per time point) was expressed as per-
cent of gavaged cpm. Data are expressed as mean ± SEM. B: Area 
under the curve (AUC) was calculated for each peptide and is ex-
pressed as % injected cpm × minutes. Apo, apolipoprotein.   

  Fig.   8.  Long-term oral administration of mR18L decreases 
plasma cholesterol levels and aortic sinus lesion formation. Four-
week old female apoE null mice were fed with chow alone (open 
bar, n = 24), chow mixed with m18L (1 mg per 4 g chow, single 
hatched bar, n = 23) or mR18L (1 mg per 4 g chow, double hatched 
bar, n = 25) for six weeks. A: Plasma was analyzed for cholesterol 
levels at baseline, three weeks, and six weeks after beginning treat-
ment. Peptide mR18L was effective in decreasing plasma choles-
terol levels to a small, but signifi cant extent (* P  < 0.05) compared 
with baseline cholesterol in the same animals. Data are expressed 
as mean ± SEM. B: Oil Red O-stained area in aortic sinus was mea-
sured in all three groups at the end of treatment period. After six 
weeks of treatment, mice fed with peptide mR18L (double hatched 
bar) had signifi cantly less atherosclerotic lesion area compared 
with control-fed (open bar,  †  P  < 0.01) and with peptide m18L-fed 
(single hatched bar, * P  < 0.05) mice. Data are expressed as mean ± 
SEM. Apo, apolipoprotein.   
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oral administration of mR18L, but not m18L, was effective 
in inhibiting atherosclerosis in apoE null mice. This is 
the fi rst demonstration of an L-amino acid-containing 
peptide capable of inhibiting atherosclerosis when delivered 
orally in the absence of an adjuvant.  
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denotes a signifi cant difference compared with “no addition” sam-
ples;  #  P  < 0.01 denotes a signifi cant difference compared with con-
trol chow plasma samples;  ‡  P  < 0.007 denotes a signifi cant difference 
compared with control chow plasma samples. Apo, apolipoprotein; 
BAEC, bovine aortic endothelial cell.   
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