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ABSTRACT Our objective was to contrast the effect
of apolipoprotein (apo) A-I mimetic peptides, such as
4F and 4F-Pro-4F (Pro), on nascent and mature athero-
sclerotic lesions and on levels of antibodies against
oxidation-specific epitopes. Chow-fed apoE�/� mice
were injected intraperitoneally with either the 4F pep-
tide or a tandem helix apoA-I mimetic peptide (Pro)
every other day. Mice treated with 4F, but not Pro, for
4 wk starting at 10 wk of age showed a dramatic
decrease in atherosclerosis at 2 arterial sites. However,
neither peptide was effective in mice treated for 8 wk
starting at 20 wk of age; lesions were larger and more
mature at this time point. Peptide treatment caused
increased production of antibodies against oxida-
tion-specific epitopes, including a disproportionate
induction of the IgM natural antibody (NAb) E06/
T15 to oxidized phospholipids. In summary, 4F, but
not the tandem peptide Pro, effectively inhibited early
atherogenesis but was ineffective against more mature
lesions. Two different apoA-I mimetic peptides in-
creased titers of natural antibodies against oxidation-
specific epitopes.—Wool, G. D., Cabana, V. G.,
Lukens, J., Shaw, P. X., Binder, C. J., Witztum, J. L.,
Reardon, C. A., Getz, G. S. 4F Peptide reduces nascent
atherosclerosis and induces natural antibody produc-
tion in apolipoprotein E-null mice. FASEB J. 25,
290–300 (2011). www.fasebj.org
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Despite proper medical treatment, dyslipidemic
patients continue to face elevated cardiovascular dis-
ease risk if their plasma HDL is low or nonfunctional
(1, 2). HDL has several antiatherosclerotic mechanisms
of action, including the inhibition of lipoprotein oxi-
dation (3) and the removal of cholesterol from athero-
sclerotic lesions (4). ApoA-I mimetic peptides that
boost various antiatherogenic properties of HDL have
been under intense investigation as possible therapeu-
tics (5–7). These peptides offer an easier therapeutic

strategy than directly infusing HDL or its major com-
ponent apoprotein, apoA-I.

4F is an 18-aa peptide containing 4 phenylalanine
residues, which contribute to its hydrophobic proper-
ties. 4F can alleviate chronic inflammation in several
animal disease models, including atherosclerosis (6, 7).
Like HDL, apoA-I mimetic peptides have a variety of
putative atheroprotective mechanisms, including act-
ing as an antioxidant (8), mediating cholesterol efflux
from foam cells (8), and direct antiinflammatory effects
(5, 9). One of the most promising peptide mechanisms,
which could explain the in vivo efficacy of 4F at low
concentrations, is its capacity to bind oxidized phos-
pholipids with high affinity (10). This finding led us to
explore whether mimetic peptides might influence the
levels of antibodies against oxidized lipids. Oxidized
LDL and phospholipids are important for atherogene-
sis (11), and antibodies against these lipids could
modulate atherogenesis.

In our prior studies (8, 9), we investigated the in vitro
and short-term in vivo properties of 4F and several
tandem peptides. These tandem peptides involved two
4F 18-mer �-helices separated by various linkers (pro-
line, alanine, and others). The tandem peptide con-
taining a proline linker (referred to as Pro peptide) was
chosen for these in vivo studies in light of the conserved
proline residues in the interhelical regions of apoA-I
(12). The properties of the single-helix 4F and tandem-
helix Pro peptide differed from each other in several
respects (8, 9). 4F remodeled mouse HDL, promoted
cholesterol efflux from foam cells, and prevented LDL
oxidation in vitro. 4F did not associate with HDL in vivo.
The Pro peptide showed increased ability to remodel
mouse HDL and promote cholesterol efflux relative to
the 4F peptide but did not prevent LDL oxidation
in vitro. The Pro peptide associated with HDL in vivo.
These results suggest that 4F and Pro peptide might
have differing effects on atherosclerosis.
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The ability of apoA-I mimetic peptides to influence
atherosclerotic lesions at various points of temporal
development has not been adequately investigated.
Monotherapy with the peptides D4F or 5F is antiathero-
genic for the small, early lesions of 9-wk-old chow-fed
apoE�/� mice (13) or 24-wk-old cholate-diet-fed wild-
type mice (14). The data conflict in indicating how
effectively 4F, using either l- or d-amino acids, halts
growth or regresses already established lesions (15, 16).
The effectiveness of apoA-I mimetic peptides on estab-
lished lesions is very important if 4F is to be used as a
human therapeutic (17). Here we investigated the
effects of 4F and Pro in a single animal model at two
different time points of lesion development. We have
described previously the large, cellular lesions found in
27-wk-old chow-fed apoE�/� mice at the aortic root and
innominate artery (18). Lesions from these mice better
model clinically significant atherosclerosis than do the
small scattered foam cell lesions of extremely young
apoE�/� mice.

We assayed the ability of 4F and Pro to modify plasma
lipid levels, influence titers of antibodies against oxida-
tion-specific epitopes such as those found on oxidized
LDL, and to reduce atherosclerotic lesion area in
female apoE�/� mice fed a chow diet. Two protocols of
treatment were used (Fig. 1). These lengths of treat-
ment coincide with previous reports in which peptides
had antiatherosclerotic effects after 4–5 wk (13, 16, 19)
or 16 wk of treatment (14).

Based on previous reports, we anticipated that 4F
would have an antiatherosclerotic effect on young, but
not mature, atherosclerotic lesions (13–16). With the
different properties of the monomeric and tandem
helix peptides in mind, we have tested the relative
efficacy of 4F and Pro peptide on both early and
established atherosclerosis. If HDL remodeling and
cholesterol efflux properties are more important for
attenuating atherosclerosis, the Pro peptide should
exhibit greater antiatherosclerotic effects (8). However,
if antioxidant ability predominates for peptide efficacy,
4F should be more atheroprotective (8).

MATERIALS AND METHODS

Peptides

Peptides containing l-amino acids were synthesized and
purified as described previously (9), or purified peptides

(�90% purity) were purchased from BioSynthesis (Lewisville,
TX, USA). All peptides were N-terminally acetylated and
C-terminally amidated (9). We adhere to the standard used by
previous reports in the apoA-I mimetic peptide literature that
the denomination “4F” denotes the following peptide: Ac-
DWFKAFYDKVAEKFKEAF-NH2 (13). “Pro” denotes the fol-
lowing peptide: Ac-DWFKAFYDKVAEKFKEAF-P-DWFKAFYD-
KVAEKFKEAF-NH2. Peptides administered to mice were
solubilized in sterile PBS.

Mice

All mice were in the C57BL/6 genetic background and were
bred in-house. They were housed in microisolators in a
specific pathogen-free barrier facility at the University of
Chicago, and experimental procedures were performed in
accordance with U.S. National Institutes of Health guidelines
under protocols approved by the University of Chicago Ani-
mal Care and Use Committee.

Female apoE�/� mice were maintained on a standard
laboratory chow diet (6.25% fat; TD7913; Harlan Teklad,
Indianapolis, IN, USA). At 7–8 wk, mice whose total plasma
cholesterol fell within the 300- to 500-mg/dl range were
selected for the study. Peptides were administered to mice
under 2 protocols: beginning at 10 wk of age for 4 wk, or
beginning at 20 wk of age for 8 wk (Fig. 1). The total number
of mice in each treatment group is shown in Table 1. All mice
completed the study, with no deaths. For those mice whose
atherosclerotic lesions were quantified, group sizes are as
follows: 4-wk PBS, 8 mice; 4-wk 4F, 8 mice; 4-wk Pro, 9 mice;
8-wk PBS, 12 mice; 8-wk 4F, 13 mice; and 8-wk Pro, 11 mice.

Mice received intraperitoneal peptide or PBS injections
every other day and were given acidified drinking water with
trimethoprim-sulfamethoxazole. The mice were injected with
50 �g 4F or 100 �g Pro peptide in PBS, with a total injection
volume of 200 �l. This translates as �1.19 �g 4F peptide/g
body weight (bw)/d or �2.38 �g tandem peptide/g bw/d;
this represents �0.5 nmol peptide/g bw/d of either peptide.

After 4 or 8 wk of peptide treatment, mice were sacrificed
2 h after the last peptide injection and removal of chow.
Anesthetized mice were exsanguinated and perfused transcar-
dially under physiological pressure with PBS for 2 min
followed by a 10-min perfusion with buffered formalin solu-
tion (4% paraformaldehyde/5% sucrose in PBS). Selected
organs were isolated prior to perfusion, their wet weight was
determined, and they were stored in RNAlater (Qiagen,
Valencia, CA, USA) at �20°C.

Serum paraoxonase (PON) activity

PON activity was assayed as described previously (9) at the
conclusion of the 8-wk treatment. Using phenyl acetate

Figure 1. Timeline of peptide treatment. Female apoE�/�

mice fed chow diet with total cholesterol between 300 to 500
mg/dl at 8 wk of age were selected for the study. Chow-fed
mice were either treated for 4 wk starting at 10 wk of age or
were treated for 8 wk starting at 20 wk of age.

TABLE 1. Mouse body and spleen weights at study termination

Treatment Body weight (g) Spleen weight (g)

4 wk
PBS (10 mice) 20.48 � 1.15 0.1 � 0.02
4F (8 mice) 19.49 � 0.98* 0.08 � 0.01*
Pro (9 mice) 20.94 � 1.50 0.08 � 0.02*

8 wk
PBS (15 mice) 21.3 � 1.7 0.11 � 0.03
4F (15 mice) 21.0 � 1.3 0.10 � 0.01
Pro (14 mice) 20.9 � 1.3 0.10 � 0.01

*P � 0.05 vs. 4 wk PBS treatment.
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substrate, the arylesterase activity of 6 concentrations of
unfractionated serum was determined for each mouse. The
activity was monitored as the change in absorbance over 2
min on the spectrophotometer. The activities for each serum
concentration were fit to a linear regression line. The worst-fit
line had a value of r2 � 0.9938. The slope of the regression
line (change in OD per minute per microliter serum) was
used as the readout of mouse serum activity. This was
converted to PON arylesterase units (U), or micromoles
phenyl acetate hydrolyzed per minute per mililiter: (	OD
min�1 ml�1)/(1310 M�1 cm�1).

Plasma SAA levels

At the conclusion of the 8-wk study, whole plasma was
separated by SDS-PAGE and immunoblotted for SAA and
apoA-I, as described previously (9). Relative SAA level was
quantitated by enhanced chemiluminescence (ECL) signal
intensity.

Lipoproteins

Lipoprotein distribution was analyzed by fast protein liquid
chromatography (FPLC), as described previously (9).

Atherosclerotic lesion size quantitation

The isolated murine heart with the upper arterial vasculature
and major branches intact was infused with Optimum Cutting
Temperature (OCT) compound (Sakura Finetek, Torrence,
CA, USA), and the superior portion of the heart was embed-
ded in OCT, with a liver fragment placed on the heart’s
ascending aorta side to provide orientation, and frozen at
�80°C.

The frozen tissue was sectioned serially into 10-�m sections
on a Leica cryostat (Leica Microsystems, Bannockburn, IL,
USA). Specific portions of the innominate artery, ascending
aorta, and aortic root were saved according to the laboratory’s
protocol (18, 20). Atherosclerotic lesion size in the innom-
inate artery was assessed using 4 sections between 150 to
450 �m above the junction of the innominate artery with
the greater curvature of the aortic arch. Atherosclerotic
lesion size in the ascending aorta was assessed using 3
sections at the apex of the lesser curvature of the aortic
arch. Atherosclerotic lesion size in the aortic root was
assessed using 3 sections beginning at the appearance of a
coronary artery and the aortic valve leaflets. The sections in
all three sites were separated by 100 �m from each other.
Those sections were stained with Oil Red-O and Fast
Green. Digital images were captured, and the atheroscle-
rotic lesion size was quantified from those images using
OpenLab 3.1.5 software (PerkinElmer, Waltham, MA,
USA).

Real-time quantitative PCR analysis

Spleens in RNAlater were disrupted using a polytron homog-
enizer, and the mRNA was isolated using the Qiagen Mini
spin column kit according to the manufacturer’s protocol. Up
to 5 �g RNA was used to generate cDNA using oligo dT
primers and the SuperScript III system (Invitrogen, San
Diego, CA, USA) according to the manufacturer’s protocol.
Real-time PCR was performed using SYBR green on an
Applied Biosystems Step One machine (Applied Biosystems,
Foster City, CA, USA). The relative mRNA levels were deter-
mined by the 		CT method, and HPRT was used as the
endogenous control transcript. E06/T15 primers are specific

for the known VH complementarity determining region 3
(CDR3) of the E06/T15 idiotype.

Oligonucleotides

EO6 VH: forward, CAGAGACACTTCCCAAAGCA; reverse,
CCCAGACATCGAAGTACCAG.

HPRT: forward, ACCTCTCGAAGTGTTGGATA; reverse,
CAACAACAAACTTGTCTGGA.

Natural antibody ELISA

Titers were assayed by a chemiluminescent immunoassay, as
described previously (21). Each condition represents 5–7
individual plasma samples harvested at the end of the study.
The values are in relative light units (RLU) per 100 ms 
 103.

To determine titers of IgM and IgG antibodies to OxLDL,
50 �l of antigens at 5 �g/ml in PBS (containing 0.25 mM
EDTA) was coated onto white, round-bottomed High Binding
Microfluor microtitration plates (Dynex Technologies, Chan-
tilly, VA, USA) overnight at 4°C. After washing 4 times with
PBS, using an automated plate washer (Biotek, Winooski, VT,
USA), wells containing antigens were blocked with 75 �l TBS
buffer (containing 150 mM NaCl, 50 mM Tris base, 0.25 mM
EDTA, and 1% BSA) for 30 min. Wells were washed again,
and 50 �l of murine sera diluted 1:100 in TBS buffer was
incubated for 2 h at room temperature. After four more wash
steps, the amount of murine antibodies bound was detected
by 1 h incubation with 50 �l of either alkaline phosphatase-
labeled goat-anti-mouse IgM or goat-anti-mouse IgG (both
Sigma, St Louis, MO, USA) diluted in TBS buffer at 1:35,000
and 1:30,000, respectively. After further washing, 25 �l of a
50% solution of LumiPhos (Lumigen Inc., Southfield, MI,
USA) was incubated for 90 min at room temperature in
darkness, and antibody binding was measured in RLU per 100
ms using a Victor2 (Perkin Elmer). Unless otherwise indi-
cated, the incubation times, volumes, and concentrations
were the same as above. For the determination of total IgM or
IgG levels, wells were coated with goat-anti-mouse-IgM or
goat-anti-mouse-IgG (Sigma) at 5 �g/ml. Serum samples were
diluted at 1:10,000, a concentration previously determined to
be within the linear detection range of this assay.

For the detection of EO6-type antibodies in the plasma of
mice, 2 �g/ml of the monoclonal anti-idiotypic (�T15 idio-
type) antibody AB1–2 in PBS was coated onto microtitration
plates overnight at 4°C. After blocking, wells were washed
again, and 50 �l of murine sera diluted 1:100 was incubated
for 2 h at room temperature. After further washing, bound
T15id� IgM (EO6) was detected using AP-conjugated goat-
anti-mouse IgM diluted in BSA-PBS followed by LumiPhos.
Purified EO6 and EO14 (an IgM NAb specific for MDA-LDL;
e.g., a non-T15 idiotype) were used as positive or negative
controls, respectively.

Statistics

Data are presented as averages � sd. Student’s t test was used
for determination of significant differences. Values of P �
0.05 were considered significant.

RESULTS

Effect of peptide treatment on body and spleen
weight, serum PON activity, and plasma SAA level

The terminal weights of mice undergoing peptide
treatment did not differ grossly compared with healthy
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untreated age-matched mice from our laboratory (data
not shown). Four weeks of 4F, but not Pro peptide,
treatment significantly decreased mouse body weight by
1 g (Table 1); however, neither the 4F nor Pro peptide
affected weight in the 8-wk-treated animals.

Weight loss can indicate an inflammatory response.
We measured spleen weight as a marker of systemic
inflammation. Neither control nor peptide injections
increased spleen weight relative to healthy untreated
mice from our laboratory (data not shown). In fact, the
4-wk 4F and Pro treatments significantly reduced spleen
weight by 0.02 g, while the 8-wk treatments had no
effect (Table 1). The drinking water contained tri-
methoprim-sulfamethoxazole in order to lessen the risk
of bacterial peritonitis. Our laboratory’s prior studies
have also used this antibiotic (18). No animals died
during the current study, and no animals had evidence
of purulent peritonitis on sacrifice.

PON1 degrades proinflammatory oxidized phospho-
lipids, and others have reported that D4F up-regulates
PON1 activity (5). We did not previously observe an
effect of 1 wk of 4F treatment on serum PON activity
(9). In this study, 8 wk of 4F treatment caused a
nonsignificant trend toward increased PON activity
(Fig. 2A).

Though we previously observed that a 1-wk treatment of
apoE�/� mice with the Pro peptide significantly de-
creased the plasma acute-phase reactant SAA (9), a non-
significant decrease in SAA levels was seen for 4F-treated,
but not Pro-treated, mice after 8 wk (Fig. 2B).

4F had no effect on plasma cholesterol levels; Pro
peptide increased LDL-C

We did not expect either 4F or Pro peptides to influ-
ence plasma lipid levels, given previous results in our
laboratory (9) and others (13–16, 19).

In the 4-wk treatment group, 4F had no significant
effect on plasma total cholesterol (TC) compared to

controls, while Pro peptide significantly increased TC
(45%, P�0.0001) (Table 2). Plasma triglyceride (TG)
levels were decreased significantly by PBS and Pro
treatment, when comparing pre- and posttreatment
levels. 4F treatment caused no significant change in
posttreatment TG values, relative to pretreatment val-
ues. Combined, these effects caused the post-4F-treat-
ment TG values to be significantly higher than post-
PBS-treatment TG values.

In the 8-wk treatment group, 4F also had no signifi-
cant effect on plasma TC compared to controls (Table
2). Pro-treated mice had significantly increased plasma
cholesterol relative to PBS-treated mice (16%, P�0.04),
which was due to an increase in LDL as determined by
FPLC (Table 2). HDL-C did not differ significantly.

4F and Pro peptide increased E06/T15 mRNA levels
and natural antibody titers

The development of atherosclerosis is accompanied by
increases in titers of adaptive (IgG) and innate IgM
natural antibodies (NAbs) against oxidation-specific
epitopes (22). This response can be monitored by
antibody titers against experimentally modified LDL:
copper-oxidized LDL (Cu-OxLDL) and malondialde-
hyde-modified LDL (MDA-LDL). Dyslipidemia is also
associated with increased plasma titers and splenic
expression of the specific IgM NAb E06/T15, an idio-
type that specifically binds to the phosphocholine head-
group of oxidized phospholipids, inhibits oxLDL up-
take by macrophages, and can be found within
atherosclerotic lesions (22, 23). To determine whether
peptide administration affected the production of
these antibodies, we measured splenic transcript levels
and plasma titers.

In the 4-wk treatment group, 4F significantly in-
creased the level of E06/T15 mRNA 28-fold compared
to PBS controls (Fig. 3). Plasma antibody titers of
E06/T15 IgM from the 4-wk treatment group showed

Figure 2. A) Total serum PON activity is not modified by peptide treatment in 8-wk study. Arylesterase specific activity of serum
(micromoles phenylacetate hydrolyzed per minute per milliliter) was determined for each individual mouse. No significant
differences were seen among PBS (5 mice), 4F (7 mice), or Pro treatment (7 mice). B) Total plasma SAA levels are not modified
by peptide treatment in 8-wk study. Whole plasma was separated by SDS-PAGE and immunoblotted. No significant differences
were seen between PBS (3 mice), 4F (3 mice), or Pro treatment (3 mice).
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no significant effect of 4F administration (data not
shown), despite the elevated mRNA level of E06/T15.

In the 8-wk treatment group, 4F was associated with a
46-fold increase in E06/T15 mRNA relative to controls
(Fig. 3). Eight weeks of Pro peptide treatment caused a
significant 9-fold increase in splenic E06/T15 mRNA
level (Fig. 3). 4F treatment significantly elevated E06/
T15 IgM titers, IgM titers to MDA-LDL and Cu-oxLDL,
and IgG titers to Cu-oxLDL (Table 3). E06/T15 showed
the greatest increase, roughly 10-fold. Pro peptide
treatment caused significantly elevated E06/T15 IgM
titers, IgM titers to Cu-oxLDL, and IgG to Cu-oxLDL.
Once again, E06/T15 showed the greatest increase of
the antibodies: a roughly 6-fold increase with the Pro
peptide. The induction of IgM NAb titers was quite
specific, as total IgM levels did not differ between PBS-,
4F-, or Pro-treated animals. In the case of adaptive IgG,
total IgG levels were the same between PBS and 4F
mice, though significantly increased in Pro-treated
mice (P�0.05).

Four-week 4F treatment significantly reduced nascent
atherosclerosis

In mice treated with PBS for 4 wk starting at 10 wk of age, the
innominate artery (IA) lesions were small (Fig. 4A). 4F-
treated mice had 79% smaller IA lesions than PBS controls
(P�0.05). Pro-treated mice had nonsignificantly larger
lesions than PBS controls. In PBS controls as well as
Pro-treated mice, foam cells were present on both the
intimal surface as well as between the innermost medial
lamellae (Fig. 4B). In 4F-treated mice, scattered foam
cells were only noted on the intimal surface. No fibrous
caps or acellular gruel were present in the IA regardless
of treatment.T
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Figure 3. Influence of peptides on splenic E06/T15 mRNA
level. E06/T15 transcript levels were determined by real-time
PCR using primers specific for the known VH CDR3 region of
the E06/T15 idiotype. E06/T15 PCR signal was normalized
against HPRT and expressed as levels found in peptide-
treated mice relative to those found in PBS-treated control
mice.
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4F-treated mice had no atherosclerotic lesion in the
aortic arch (AA) (Fig. 4A). Lesions from the AA in PBS
control mice averaged roughly 4400 �m2 in size
(P�0.01 as compared to 4F-treated mice) and were
made up of intimal surface foam cells (Fig. 4B). AA
lesions from Pro-treated mice averaged 2600 �m2,
which did not differ significantly from controls; those
lesions were also made up of intimal surface foam cells.

The aortic root (AR) demonstrated foam-cell rich
lesions in both peptide-treated mice and controls (Fig.
4B). 4F and Pro-treated mice had �25% smaller AR
lesions than PBS controls, but these differences did not
reach significance (Fig. 4A).

Overall, 4F significantly reduced nascent atheroscle-
rosis at 2 of 3 vascular sites studied in 14-wk-old female
apoE�/� mice treated for 4 wk. Pro peptide caused no
significant change in lesion size under this treatment
protocol.

Eight-week peptide treatment did not decrease
atherosclerotic lesion size in older mice

In mice treated for 8 wk starting at 20 wk of age,
atherosclerotic lesions were much larger and more
mature (Fig. 5) than those from the 4-wk treatment
group (Fig. 4); please note the differing scales for
quantitation of the lesions.

4F- and Pro-treated mice had smaller IA lesions than
controls, but these differences were not significant (Fig.
5A). The IA lesions were large, complex, and cellular.
No consistent morphological differences were seen
between any treatment groups. Lesions typically con-
tained multiple layers, and acellular necrotic gruel was
prominent. Fibrous caps over the lesions were generally
quite thin, only 1–2 cells thick (Fig. 5B).

4F-treated mice had smaller AA lesions than PBS
controls, but again, this difference was not significant
(Fig. 5A). AA lesion size in Pro-treated mice was com-
parable to controls. The AA lesions in the 8-wk treat-
ment group had fibrous caps and areas of acellular
material (Fig. 5B).

The AR demonstrated quite robust lesions for each
treatment group (Fig. 5A). 4F- and Pro-treated mice
had slightly larger AR lesions than controls, but neither
result reached significance. The AR lesions were large,
complex, and cellular. No consistent morphological
differences were seen between any treatments. Lesions

encompassed all three sinuses, though the left coronary
sinus (LCS) had the largest lesion size, as expected
(24). Cholesterol clefts and areas of amorphous ne-
crotic gruel were ubiquitous. The coronary ostia fre-
quently showed lesion formation (Fig. 5B).

Overall, neither apoA-I mimetic peptide significantly
affected atherosclerotic lesion size or morphology in
chow-fed 28-wk-old female apoE�/� mice.

DISCUSSION

This is the first demonstration of the differential effec-
tiveness of 4F on atherosclerosis depending on the
stage of lesion development within the same murine
model and experimental conditions. Navab et al. (25)
previously showed that D4F combined with a statin was
atheroprotective regardless of lesion maturity. We show
here that intraperitoneal administration of l-amino
acid-based 4F alone can inhibit early lesion formation
but does not influence the progression of more mature
lesions. Pro peptide, however, was not effective at
preventing atherosclerosis at either time point.

A 4-wk treatment of 4F dramatically reduced athero-
sclerosis in 14-wk-old chow-fed apoE�/� mice in the
innominate artery and aortic arch, but not the aortic
root. As expected, this reduction in atherosclerosis was
not associated with any change in plasma TC or HDL-C.
4F treatment did not significantly affect TG levels, while
PBS- and Pro-treated mice had significantly decreased
TG levels. This decrease in TG levels may be due to a
transient mild sterile inflammatory response (40) re-
lated to injection, as lipids were measured 2 h after the
last peptide injection. If this transient inflammatory
response had truly occurred, it was not great enough to
cause splenic enlargement. 4F-treated mice had no
change in TG levels, which might indicate that 4F
blocked an inflammatory reaction.

A 4-wk treatment with Pro peptide had no effect on
lesion size but did significantly increase plasma TC levels.
Eight weeks of 4F or Pro peptide did not influence
atherosclerosis in chow-fed 28-wk-old apoE�/� mice,
though Pro peptide treatment significantly increased
LDL-C levels. We have shown that biotinylated Pro pep-
tide associates with LDL (9), an effect that might interfere
with LDL clearance and cause increased LDL-C. Potential

TABLE 3. Plasma antibodies against oxidized epitopes in 8 wk mice

Antibody specificity Antibody class PBS, n � 5 4F, n � 5 Pro, n � 8

MDA-LDL IgM 235.43 � 19.2 287.22 � 26.1* 242.77 � 37.3
IgG 35.03 � 26.9 17.38 � 12.8 19.17 � 3.7

Cu-oxLDL IgM 101.81 � 33.0 249.85 � 20.0* 162.08 � 52.6*
IgG 1.29 � 0.2 4.49 � 0.6* 3.0 � 1.0*

E06/T15 IgM 25.7 � 32.1 251.32 � 6.0* 165.0 � 76.3*
Plasma total IgM 149.95 � 38.8 143.22 � 15.5 119.73 � 25.9
Plasma total IgG 21.43 � 12.2 29.45 � 5.4 43.51 � 12.6*

Values are average � sd luminescence (103 RLU/100 ms); intratiter comparisons. *P � 0.05 vs. PBS treatment.
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antiatherogenic effects of Pro peptide could have been
overridden by the elevated LDL levels.

Previous reports have suggested that the atheropro-
tective ability of apoA-I mimetic peptides is sensitive to
the stage of lesion evolution. Li et al. (15) have exam-
ined the effect of d-amino acid 4F on the accelerated

lesions of 20-week old apoE�/� mice fed 21% fat/
0.15% cholesterol diet. Four weeks of D4F did not
reverse atherosclerosis in established aortic root le-
sions. These lesions were large (�4
105 �m2), similar
to the aortic root lesions described in our 8-wk treat-
ment group. In contrast to this, the peptides D4F and

Figure 4. A) Reduction of atherosclerotic lesion size in 4-wk protocol. Lesions were significantly reduced in the innominate
artery (IA) and aortic arch (AA) in 4F-treated mice. Reduction of lesion size in the aortic root (AR) did not reach significance.
B) Photomicrographs of representative lesions from the 4-wk study. Arrows indicate the small atherosclerotic lesions present at
this time point.
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5F were antiatherogenic in the small, early lesions of
9-wk-old chow-fed apoE�/� mice (13) or 24-wk-old
cholate-diet-fed wild-type mice (14). Here, we have
confirmed an important temporal limitation to pep-
tide efficacy within the same mouse model and
vascular site.

The Garber et al. (14) study showed an antiathero-
genic effect of 5F after injecting mice intraperitoneally
daily for 16 wk. The treatment groups were controls

(200 �l PBS) or 5F (20 �g 5F in 200 �l PBS). We used
the Garber et al. (14) study as a guide for our chosen
methods. To lessen peritoneal trauma, we halved the
injection frequency and increased the peptide dose
2.5-fold (50 �g). Whereas we injected �1.19 �g 4F/g
bw/d, Garber et al. injected roughly �0.952 �g 5F/g
bw/d. We administered Pro peptide at an equal molar
dose compared to 4F (2.38 �g/g bw/d). In the Li et al.
(15) study, despite IP injection of 50 �g of D4F daily (in

Figure 5. A) Lack of peptide effect in 8-wk protocol. 4F or Pro peptide did not significantly influence lesion size at any vascular
site in the 8-wk protocol. B) Photomicrographs of representative lesions from the 8-wk study.
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200 �l saline) for 4 wk, established aortic root lesions
were not reversed.

Lipoprotein oxidation creates a cascade of oxidized
products, including conjugated dienes, hydroperox-
ides, aldehydes such as malondialdehyde, and aldehyde
adducts with apoB (26). These adducts serve as neo-
epitopes for both adaptive (IgG) as well as natural
(IgM) T-cell-independent antibodies. NAbs are pre-
dominantly produced by B-1 cells (27), which initially
reside in body cavities such as the peritoneum before
migrating to the spleen and differentiating into plasma
cells. The prototypic NAb, E06/T15, recognizes the
phosphocholine headgroup of oxidized phospholipids,
but not of native phospholipids (28). The titers of such
oxidation-specific antibodies appear to reflect a re-
sponse to the ongoing generation of oxidative epitopes,
as occurs in atherogenesis. Typically, the titers of anti-
oxLDL antibodies correlate with plasma lipid elevation
and atherosclerotic lesion progression in mice (29).
Substantially increasing anti-oxLDL antibody titers via
immunization is atheroprotective in animal models
(30, 31).

We had expected that 4F, known to inhibit lipopro-
tein oxidation and scavenge oxidized lipids (5, 6),
would decrease oxidation-specific NAb titers. Unex-
pectedly, we found that both 4F and Pro peptides
significantly increased transcript levels (after 4 and 8 wk
of treatment) and plasma titers (8 wk of treatment) of
NAbs against oxidation-specific epitopes. However, to-
tal IgM levels were not increased in these mice. This
finding suggests that the apoA-I mimetic peptides
caused the selective expansion of B-1 cells with anti-
body specificity for oxidation-specific epitopes. This
expansion was not consistently associated with in-
creased plasma lipid levels.

The mechanism by which apoA-I mimetic peptides
increase NAbs is currently unknown. However, the fact
that the peptides were much more effective at increas-
ing the titer of the oxidized phospholipid-specific NAb
E06/T15 than the titers of other IgM antibodies against
modified LDLs, which are presumably predominantly
NAbs as well, suggests a potential mechanism. E06/T15
recognizes the phosphocholine headgroup of oxidized
phospholipids. Others have reported that 4F selectively
binds oxidized phospholipid with high affinity (10),
and apoA-I mimetic peptides can extract oxidized
phospholipid hydroperoxides from lipoproteins and
cells (32). If the apoA-I mimetics preferentially bind
oxidized phospholipid in vivo, they might then prefer-
entially present to professional antigen presenting cells
and/or B-1 cells leading to enhanced generation of
E06/T15, similar to lipid antigen presentation via CD1
molecules activating natural killer T cells (33, 34).
Indeed, E06/T15 plasma titers increased ten-fold or
more with both mimetic peptides, whereas the titers of
IgM to OxLDL and MDA-LDL (which comprise a wide
variety of oxidized epitopes other than oxidized phos-
pholipid) increased only 2-fold. Future studies will be
needed to test this hypothesis.

The increase in the splenic transcripts for E06/T15
at the end of the 4-wk intervention reflects the early
expansion of E06/T15 generating B-1 cells, but in-
creases in plasma E06/T15 titers were not yet observed.
The difference between splenic transcript and titer
could reflect the production of membrane-bound IgM
before switching to secreted IgM, causing a delay in the
elevation of plasma titers (35, 36). The real-time prim-
ers span the E06/T15 VH CDR3 region only. Therefore,
transcript levels would be increased during synthesis of
membrane-bound E06/T15 while the titer would re-
main low. Previously we found that it took at least 6 wk
following the transfer of B-1 cells into the peritoneum
of RAG1�/� mice before plasma titers of IgM could be
observed (unpublished observations). In this interval,
the B-1 cells must migrate to the spleen, proliferate,
and differentiate into plasma cells before IgM Ab can
be released into the plasma in sufficient titers to be
measured. Indeed, observable increases in E06/T15
titers of nearly 10-fold were seen 8 wk after the intro-
duction of the apoA-I peptides.

Previous studies have shown that marked elevations
of E06/T15 titers achieved by exogenous immuniza-
tions (up to 10,000-fold over that found in nonimmu-
nized mice) over 6 mo to 1 yr provided atheroprotec-
tion (27, 37). In the current studies, the much more
modest change in E06/T15 titers (only 10-fold) over a
relatively short duration precludes any definitive con-
clusion about the relationship between the titer of
these antibodies and the progression of atherosclerosis.
The minimum level of NAb that affords atheroprotec-
tion is currently unknown and needs further study.

The Li et al. (15) study is the only previous report to
examine the influence of apoA-I mimetic peptides on
antibodies against oxidized epitopes. The titer of IgG
against Cu-oxLDL was not changed by D4F. In contrast
to the Li et al. (15) study, we have shown that 4F
treatment increased the titers of IgG against Cu-oxLDL
as well as several natural IgM antibodies. The reason for
this difference is unknown.

Our results correlate peptide atheroprotection with
the antioxidative capacities of 4F and its high affinity
for oxidized lipids. The putative mechanisms by which
apoA-I mimetic peptides function as atheroprotective
agents have recently been reviewed (6, 7). Besides
its antioxidative mechanisms of action, 4F might have
additional important effects on cytokine production by
macrophages or reverse cholesterol transport (RCT).
Navab and colleagues (5, 39) have shown that D4F
administration to mice increased pre-� HDL levels.
That lipoprotein subclass can initiate RCT (38), and
D4F increased the cholesterol efflux acceptance capac-
ity of HDL ex vivo (5, 39). We have shown previously
that Pro peptide more potently effluxes cholesterol
from cultured foam cells and generates pre-� HDL in
vitro, as compared to 4F (8). However, we saw no
increase in pre-� HDL after a 1-wk 4F treatment (9),
nor any change in the lipoprotein distribution after any
treatment presented here (Table 2). It is also unlikely
that even an undetectable increase in pre-� HDL took
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place in our study, as the ex vivo cholesterol efflux
acceptance capacity of plasma from peptide treated
mice was not increased (data not shown). In our hands,
neither 4F nor Pro caused an increase in HDL-C, shift
in plasma FPLC cholesterol profile consistent with
pre-� HDL formation, nor a change in the ex vivo
cholesterol efflux acceptance capacity of the plasma.

Despite the more potent in vitro formation of pre-�
HDL and cholesterol efflux by the Pro peptide, it
affords no atheroprotection against early atherogene-
sis. Whether higher levels of Pro peptide would be
more effective remains to be determined. However, the
lower levels of NAbs seen with the Pro peptide treat-
ment could indicate that this peptide does not bind or
present oxidized lipids as effectively as does 4F.

In summary, intraperitoneal l-amino acid 4F peptide
can reduce nascent, but not mature, atherosclerotic
lesions. The effects of 4F are unique to its sequence, as
the tandem helix peptide Pro was ineffective at athero-
prevention. However, both 4F and Pro peptide treat-
ment induced production of NAbs against oxidized
lipids, with 4F being more effective than the Pro
peptide.
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