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Abstract: To determine in vivo if L-4F differentially alters plasma levels of oxidized fatty acids resulting in more anti-

inflammatory HDL. Injecting L-4F into apoE null mice resulted in a significant reduction in plasma levels of 15-HETE, 5-

HETE, 13-HODE and 9-HODE. In contrast, plasma levels of 20-HETE were not reduced and plasma levels of 14,15-EET, 

which are derived from the cytochrome P450 pathway, were elevated after injection of L-4F. Injection of 13(S)-HPODE 

into wild-type C57BL/6J mice caused an increase in plasma levels of 13-HODE and 9-HODE and was accompanied by a 

significant loss in the anti-inflammatory properties of HDL. The response of atherosclerosis resistant C3H/HeJ mice to in-

jection of 13(S)-HPODE was similar but much more blunted. Injection of L-4F at a site different from that at which the 

13(S)-HPODE was injected resulted in significantly lower plasma levels of 13-HODE and 9-HODE and significantly less 

loss of HDL anti-inflammatory properties in both strains. i) L-4F differentially alters plasma levels of oxidized fatty acids 

in vivo. ii) The resistance of the C3H/HeJ strain to atherosclerosis may in part be mediated by a reduced reaction of this 

strain to these potent lipid oxidants. L-4F differentially alters plasma levels of oxidized fatty acids in mice and the resis-

tance of C3H/HeJ mice to atherosclerosis may be mediated by a reduced reaction of this strain to these potent lipid oxi-

dants. 
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INTRODUCTION 

 Atherosclerosis is the result of complex interactions be-
tween oxidized lipoproteins, monocytes/macrophages, in-
jured endothelium, and smooth muscle cells. Biological oxi-
dation products of arachidonic acid, including prostaglandins 
(PGs), thromboxanes (TXs), hydroxyeicosatetraenoic acids 
(HETEs) and hydroxyoctadecadienoic acids (HODEs) play 
an important role in the pathogenesis of atherosclerosis. The 
biosynthesis of most eicosanoids (HETEs, PGs, TXs) from 
arachidonic acid occurs via lipoxygenase (LOX), cyclooxy-
genase (COX) and cytochrome P450 pathway (CYP) en-
zymes. LOX are classified as 5-, 8-, 12-, and 15-LOX ac-
cording to the positional specificity to insert molecular oxy-
gen at corresponding positions of arachidonic acid. The 5- 
and 8-LOX pathway leads to the formation of S hydroper-
oxyeicosatetraenoic acid (HPETE) isomers from arachidonic 
acid, namely 5(S)-hydroperoxyeicosatetraenoic acid (5(S)-
HPETE) and 8(S)-HPETE respectively, and the 12- and 15-
LOX pathway leads to the formation of 12(S)-HPETE or 
15(S)-HPETE. With linoleic acid, 12- and 15-LOX form S 
hydroperoxyoctadecadienoic acids [13(S)- and 9(S)-
HPODE]. These HPETEs and HPODEs are subsequently 
reduced to their hydroxyl derivatives HETEs and HODEs. 
The 12- and 15-LOX pathway has been shown to oxidize 
LDL in vitro [1, 2]. 
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 LDL oxidation is a complex process that can also be in-
fluenced by a multitude of oxidation pathways including 
peroxidase, peroxynitrite, xanthine oxidase, NADPH oxidase 
and superoxide

 
[3]. One of the major pathways of LDL oxi-

dation occurs via the LOX pathway by seeding molecules 
that include HPODE and HPETE

 
[4, 5]. The oxidation of 

polyunsaturated fatty acids (PUFA) by LOX specifically 
produces the S enantiomer (e.g. 13(S)-HPODE), whereas 
non-enzymatic PUFA oxidation yields equal amounts of R 
and S stereoisomers (e.g. 13(S)-HPODE and 13(R)-HPODE)

 

[6, 7]. This stereospecificity was used as marker of LOX 
activity

 
[6, 8]. Studies in rabbits fed a cholesterol-rich diet 

and in humans reported both 13(S)-H(P)ODE and 13(R)-
H(P)ODE in atherosclerotic lesions with 13(S)-H(P)ODE as 
the predominant type, suggesting that both LOX enzyme 
mediated lipid oxidation and non-enzymatic lipid oxidation 
mechanisms exist in vivo

 
[6, 8]. 12/15-LOX/apoE double 

knock out mice develop reduced atherosclerotic lesions when 
compared to apoE deficient mice

 
[9]. 12/15-LOX/LDL-R 

double knockout mice on a high-fat diet also had a consider-
able reduction in atherosclerotic lesions when compared to 
LDL-R knockout mice

 
[10]. In human aortic endothelial cells 

(HAECs), 12(S)-HETE and 15(S)-HETE induced monocyte 
adhesion and increased HAEC surface expression of con-
necting segment-1 fibronectin, which plays a role in mono-
cyte adhesion during inflammation

 
[11].  

 The cytochrome P450 pathway also leads to the produc-
tion of HETEs from arachidonic acid, including 20-HETE, 
and non-ezymatic, free radical oxidation of arachidonic acid 
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can yield a variety of oxidized lipids including 9-HETE. In 
human unstable carotid atherosclerotic plaques compared 
with stable plaques, 9-HETE was significantly increased 
[12], and the systemic level of 9-HETE was associated with 
angiographic evidence of coronary artery disease

 
[13]. 20-

HETE is a potent vasoconstrictor that can modulate renal 
function and peripheral vascular tone

 
[14]. The cytochrome 

P450 pathway also converts arachidonic acid to epoxyeicosa-
trienoic acids (EETs) which produce vascular relaxation and 
have anti-inflammatory effects on blood vessels

 
[15]. Thus, 

oxidized fatty acids derived from arachidonic acid or linoleic 
acid are associated with diverse effects in the vasculature and 
be either pro-inflammatory or anti-inflammatory. 

 The apolipoprotein A-I mimetic peptide 4F (L-4F and D-
4F), forms a class A amphipathic helix similar to those found 
in apoA-I, and has been reported to have anti-inflammatory 
and anti-atherogenic effects

 
[16]. In vitro and in vivo 4F has 

been shown to reduce plasma lipid hydroperoxide concentra-
tions, which are predominantly derivatives of linoleic and 
arachidonic acid

 
[16]. We previously reported that in vitro 

apoA-I and the 4F peptides bound non-oxidized fatty acids 
such as arachidonic acid and linoleic acid similarly, but the 
4F peptides bound oxidized fatty acids derived from arachi-
donic acid or linoleic acid with an astoundingly higher affin-
ity than apoA-I

 
[17]. For instance, the binding affinity of 15-

HPETE, 15-HETE, 13-HPODE and 13-HODE were 4-5 or-
ders of magnitude higher for binding to 4F compared to 
apoA-I as measured by surface plasmon resonance

 
[17]. 

 The in vivo effects of 4F on oxidized fatty acids have not 
been elucidated to date. In this paper, we sought to determine 
if L-4F would differentially alter plasma levels of oxidized 
fatty acids and would result in more anti-inflammatory HDL. 
In the course of these experiments we also determined the 
susceptibility of atherosclerosis prone C57BL/6J mice com-
pared to atherosclerosis resistant C3H/HeJ mice to in vivo 
challenge with the potent fatty acid hydroperoxide 13(S)-
HPODE. These studies demonstrate that L-4F differentially 
alters plasma levels of oxidized fatty acids in vivo and also 
suggest that the resistance of C3H/HeJ mice to atherosclero-
sis may be due to their blunted response to these potent lipid 
oxidants. 

MATERIALS AND METHODS 

Chemicals and Materials 

 (±)13-hydroxy-9Z,11E-octadecadienoic acid (13-HODE), 
(±)9-hydroxy-10E,12E-octadecadienoic acid (9-HODE), (±) 
15-hydroxy-5Z,8Z,11Z,13E-eicosatetraenoic acid (15-HET-
E), (±)5-hydroxy-6E,8E,11Z,14Z-eicosatetraenoic acid (5-
HETE), 20-hydroxy-5Z,8Z,11Z,14Z-eicosatetraenoic acid 
(20-HETE), 13(S)-hydroperoxy-9Z,11E-octadecadienoic ac-
id (13(S)-HPODE), 15(S)-hydroxy-5Z,8Z,11Z,13E-eicosate-
traenoic-5,6,8,9,11,12,14,15-d8 acid (15(S)-HETE-d8), 13 
(S)-hydroxy-9Z,11E-octadecadienoic-9,10,12,13-d4 acid (13 
(S)-HODE-d4), (±)14,15-epoxy-5Z,8Z,11Z-eicosatrienoic 
acid ((±)14,15-EET) were purchased from Cayman Chemi-
cals (Ann Arbor, MI, USA). HPLC grade methanol was ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). HPLC 
grade acetonitrile was obtained from Fisher Scientific (Pitts-
burgh, PA, USA). Oasis HLB (1cc/10mg, 30μm) was pur-

chased from Waters Corporation (Milford, MA, USA). L-4F 
and D-4F were synthesized as previously described

 
[18, 19]. 

Dichlorofluorescein diacetate (H2DCFDA) was from Invi-
trogen (Carlsbad, CA, USA). 8-bromoadenosine 3',5'-cyclic 
monophosphate sodium salt (8-bromo-cAMP) was purchased 
from Sigma. All other reagents were HPLC grade.  

Mice  

 Female 8 to 10 months old C57BL/6J mice, apoE null 
mice on a C57BL/6J background, and C3H/HeJ mice (Jack-
son Laboratories, Bar Harbor, ME) were maintained on a 
chow diet (Ralston Purina, St. Louis MO). Plasma samples 
were isolated from overnight fasted mice and immediately 
frozen at -20

o
C until they were used. The University of Cali-

fornia, Los Angeles Animal Research Committee approved 
all studies.  

Sample Preparation 

 A 100μL volume of plasma sample or 50μL volume of 
urine sample was transferred to a 2mL polypropylene tube, 
and spiked with 100μL of internal standards mixture (15(S)-
HETE-d8, 13(S)-HODE-d4, 10ng/ml each) in methanol. 
Subsequently, the pH of the samples was adjusted to ~ pH 
3.0 using acidified (HCl) water. The samples were left for 
15min on ice for complete acidification and equilibration. 
For analysis of plasma total (free + esterified) HETEs/ HO-
DEs in supplemental Fig. (7) the samples were hydrolyzed 
with 1mol/L potassium hydroxide in water at 37

o
C for 30 

minutes before the acidification. The resulting sample was 
loaded onto a preconditioned 1cc Oasis HLB solid-phase 
extraction (SPE) cartridge on a vacuum manifold (Waters). 
The SPE cartridge was equilibrated with 1ml methanol fol-
lowed by 1ml water before the sample load. The sample was 
slowly loaded on the cartridge, and the cartridge was washed 
with 1ml 5% methanol in water. HETEs/HODEs, 14,15-EET 
and arachidonic acid were subsequently eluted with 1 ml 
methanol. The eluate was then evaporated to dryness under a 
stream of argon. 100μl of methanol was added to the dried 
extract, vortexed for 30s, and the reconstituted extract was 
centrifuged at 13,200 rpm for 20min at 4

o
C to remove any 

precipitate that could clog the LC/MS/MS instrument. The 
resulting supernatants were transferred to autosampler vials 
and processed for LC/MS/MS analysis. 

 For quantification of HETEs/HODEs in Fig. (3) 300μl of 
chloroform/methanol (2:1, v/v) containing 0.01% BHT was 
added to 100μl plasma

 
[20, 21]. After the solution was thor-

oughly mixed and centrifuged, the lower chloroform phase 
was collected. Additional chloroform was added to the upper 
phase to remove residual lipids. The solution was mixed and 
centrifuged, and the lower phase was transferred to the pre-
viously isolated chloroform phase.  

LC/MS/MS Analysis 

 LC/MS/MS was performed using a mass spectrometer 
(4000 QTRAP; Applied Biosystems, Foster City, CA) 
equipped with electrospray ionization (ESI) source. The 
HPLC system utilized an Agilent 1200 series LC pump 
equipped with a thermostatted autosampler (Agilent Tech-
nologies, Santa Clara, CA). Chromatography was performed 
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using a Luna C-18(2) column (3μm particle, 150  3.0mm; 
Phenomenex, Torrance, CA) with a security guard cartridge 
(C-18; Phenomenex) at 40

o
C. Mobile phase A consisted of 

0.1% formic acid in water, and mobile phase B consisted of 
0.1% formic acid in acetonitrile. The auotosampler was set at 
4

o
C. The injection volume was 10μl except for (±)14,15-

EET when 50μl was injected; the flow rate was controlled at 
0.4mL/min. The gradient program was as follows: 0-2min, 
50% B; 2-3min, linear gradient from 50% to 60% B; 3-
15min, linear gradient from 60-65% B; 15-17min, 65% B; 
17-19min, linear gradient from 65-100% B; 19-21min 100% 
B; 21-23min, linear gradient from 100% to 50% B; 23-
27min, 50% B. The data acquisitions and instrument control 
were accomplished using Analyst 1.4.2 software (Applied 
Biosystems). Detection was accomplished by using the mul-
tiple reaction monitoring (MRM) mode with negative ion 
detection; the parameter settings used were: ion spray volt-
age=-4500 V; curtain gas=25 (nitrogen); ion source gas 
1=45; ion source gas 2 =55; ion source gas 2 tempera-
ture=450

o
C. Collision energy, declustering potential and 

collision cell exit potential were optimized for each com-
pound to obtain optimum sensitivity. The transitions moni-
tored were mass-to-charge ratio (m/z): m/z 295.1 194.8 for 
13-HODE; 295.0 171.0 for 9-HODE; 319.1 219.0 for 15-
HETE; 319.1 115.0 for 5-HETE; 319.1 289.2 for 20-HE-
TE; 319.0 219.0 for 14,15-EET; 327.1 226.1 for 15(S)-
HETE-d8; 299.0 197.9 for 13(S)-HODE-d4; 310.9 166.5 
for 13(S)-HPODE, 303.1 259.2 for arachidonic acid. 

Measurement of 15-HETE and 20-HETE by ELISA 

 Plasma 15-HETE was measured by using the 15(S)-
HETE EIA kit (Cayman). Plasma 20-HETE was measured 
by using the 20-HETE EIA kit (Detroit R&D). The data on 
the specificity of each ELISA kit were obtained from each 
company. 

Assays to Determine the Inflammatory Properties of 
HDL 

 HDL inflammatory properties were determined as previ-
ously described by using H2DCFDA [22] and the ability of 
HDL to inhibit LDL-induced monocyte chemotactic activity 
in cultures of human aortic endothelial cells using a bioassay

 

[23]. 

Lipid Binding Studies 

 Binding studies were performed by surface plasmon 
resonance (SPR) as previously described

 
[17]. 

Electrophoresis 

 SDS-PAGE and native-PAGE were performed as de-
scribed previously

 
[24]. 

HDL Mediated Cellular Cholesterol Efflux 

 Experiments were performed as described previously
 
[25] 

Blood and Urine Chemistry 

 Blood samples were examined for total protein and al-
bumin and urine samples were examined for creatinine by an 

autoanalyzer (Alfa Wassermann VetAce; Alfa Wassermann 
Diagnostic Technologies, West Caldwell, NJ). 

Statistical Analysis 

 All statistical analysis was calculated using an unpaired 
Student’s t-test or one-way ANOVA. Significance was de-
fined as a value of p < 0.05. If unstated, all values are ex-
pressed as Mean ± SD. 

RESULTS 

Comparison of HETEs/HODEs between ApoE
-/-

 Mice 

and C57BL/6J Mice 

 The levels of HETEs/HODEs in plasma from atheroscle-
rosis-prone apolipoprotein E knock out mice on a C57BL/6J 
background (ApoE

-/-
 mice) compared to wild-type C57BL/6J 

mice were determined. As shown in Fig. (1) the plasma lev-
els of HETEs/HODEs from the ApoE

-/-
 mice were signifi-

cantly higher than in the wild-type C57BL/6J mice confirm-
ing previously published data

 
[26]. 

Lipid Binding Studies 

 We previously reported that a variety of oxidized fatty 
acids derived from either arachidonic or linoleic acid bound 
with much higher affinity to the 4F peptide compared to 
apoA-I

 
[17]. In measuring binding affinity KD = Kd/Ka 

where Kd is the dissociation rate constant and Ka is the asso-
ciation rate constant. The larger the KD is, the weaker the 
binding. We previously reported that the KD for the binding 
of 15-HETE to L-4F and apoA-I was 21 ± 7 and 1,289,400 ± 
139,245 nM, respectively; the KD for the binding of 13-
HODE to L-4F and apoA-I was 32 ± 4 and 1,803,400 ± 
279,731 nM, respectively; the KD for the binding of 9-
HODE to L-4F and apoA-I was 26 ± 11 and 1,312,200 ± 
534,323 nM, respectively

 
[17]. For this manuscript, new data 

were obtained from 5 separate experiments revealing that the 
KD for the binding of 20-HETE to L-4F and apoA-I was 
164,000 ± 8,210 and 172,000 ± 8,610 nM, respectively. 
Thus, in contrast to the case for 15-HETE, 13-HODE and 9-
HODE, 20-HETE binds equally well to L-4F and apoA-I. 

Plasma Levels of Oxidized Fatty Acids after L-4F Ad-

ministration  

 After subcutaneous administration of 1mg/kg L-4F to 
apoE null mice, the plasma concentration of 15-HETE de-
termined by ELISA decreased in a time dependent manner 
with significant differences detected 4, 6, and 12 hours after 
injection Fig. (2a). In another experiment, L-4F at 1 mg/kg 
or vehicle alone (ABCT) was administered to apoE-null 
mice and the plasma concentrations of 15-HETE and 20-
HETE were determined by ELISA 6 hours later. As shown in 
Fig. (2b) administration of L-4F but not vehicle significantly 
reduced plasma 15-HETE levels. However, in same group of 
mice, plasma 20-HETE levels were not changed by L-4F 
administration Fig. (2c). There was no cross-reactivity of 20-
HETE in the 15-HETE ELISA and 15-HETE in the 20-
HETE ELISA (Supplemental Table 1). We also checked the 
effect of L-4F on 15-HETE ELISA in the presence of mouse 
plasma and found no effect of L-4F on the 15-HETE ELISA 
(Supplemental Fig. (1)). 
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Fig. (1). Plasma 13-HODE and 15-HETE levels in wild-type and apoE null mice. The levels of plasma 13-HODE and 15-HETE in apolipoprotein E null mice 

on a C57BL/6J background (ApoE-/- mice) and wild-type C57BL/6J mice (both on a chow diet) were analyzed by LC/MS/MS as described in Materials and 

Methods. (n=6 for each group). 

* P=0.0001 vs. C57BL/6J mice. * *P<0.0001 vs. C57BL/6J mice. 

 

a) b) 

 

 

 

 

 

 

 

 

 

 

 

 

c) 

 

 

 

 

 

 

 

 

 

Fig. (2). L-4F treatment differentially reduces plasma HETEs levels as measured by ELISA. Panel a) ApoE null mice were injected subcutaneously with L-4F 

at 1 mg/kg and were bled at the time points shown in the figure and plasma 15(S)-HETE levels were determined by ELISA. * P<0.05 vs. pre-dose. ** P<0.01 

vs. pre-dose. n=3, each time point. Panels b and c) ApoE null mice were administered subcutaneously vehicle (ABCT) (50 mM ammonium bicarbonate, pH 7.0 

containing 0.1 mg/mL Tween-20) or vehicle containing L-4F at a dose of 1 mg/kg. After six hours, plasma b) 15-HETE (n=12 each group) and c) 20-HETE 

levels (n=6 each group) were determined by ELISA and compared to pre-dose levels. 
¶
p=0.0038 vs. pre-dose. *p=0.0081 vs. ABCT alone. 
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 In additional experiments as shown in Fig. (3) plasma 
levels of 13-HODE and 9-HODE Fig. (3a) and 15-HETE 
and 5-HETE Fig. (3b) significantly declined 6 hours after 
injection of L-4F as determined by LC/MS/MS but not after 
injection of vehicle alone. In these repeat experiments using 
LC/MS/MS, as was the case in the experiments in Fig. (2) 
where plasma levels of 20-HETE were determined by 
ELISA, the levels of 20-HETE did not decline Fig. (3b). 

 As shown in Fig. (3c) subcutaneous administration of 
1mg/kg L-4F to apoE-null mice significantly increased the 
plasma levels of 14,15-EET. Although the mass-to-charge 
ratio (m/z) monitored for 15-HETE (319.1 219.0) and 
14,15-EET (319.0 219.0) are similar, retention times for 
these two molecules allowed their detection (Supplemental 
Fig. (2)). 

 Thus, in different experiments using different methods of 
detection, injection of L-4F reproducibly decreased plasma 
levels of oxidized fatty acids that are known to bind with 
high affinity to L-4F compared to apoA-I (15-HETE, 9-
HODE, and 13-HODE) [17] while the plasma levels of 20-
HETE which binds with equal affinity to L-4F and apoA-I 

did not change, and the plasma levels of the vasorelaxant and 
anti-inflammatory 14,15-EET actually increased. 

 We next examined whether L-4F injection affected renal 
function, intravascular volume or plasma non-oxidized fatty 
acids levels. We previously reported that chronic administra-
tion of D-4F did not influence renal function

 
[27]. In order to 

see the effect of 4F on intravascular volume, we measured 
serum total protein and albumin levels after administration of 
L-4F or ABCT, and there was no difference of total protein 
and albumin levels between the two groups (Supplemental 
Fig. (3)) indicating no dilution by the volume of the injec-
tions. We also measured the plasma concentration of arachi-
donic acid, one of the non-oxidized fatty acids, and com-
pared it between both groups. As expected, there was no 
difference between two groups confirming that intravascular 
volume did not change (Supplemental Fig. (4)). 

 Next, we determined the binding of HETEs/HODEs to 
plasma albumin compared to L-4F. In contrast to the case for 
L-4F, there was no detectable binding of 12-HETE and 9-
HODE to albumin but there was binding of a control (retro-
cyclin-1) to albumin (Supplemental Fig. (5a to 5c)). Finally,

a) b) 

 

 

 

 

 

 

 

c) 

 

 

 

 

 

 

 

Fig. (3). L-4F treatment differentially reduces plasma HETEs and HODEs levels as measured by LC/MS/MS. ApoE null mice were administered subcutane-

ously vehicle (ABCT) or vehicle containing L-4F at a dose of 1 mg/kg. After six hours, plasma a) 13-HODE and 9-HODE b) 15-HETE, 5-HETE, and 20-

HETE levels were determined by LC/MS/MS and compared to pre-dose levels. a) 13-HODE and 9-HODE. *p<0.0001 vs. pre-dose. **p<0.01 vs. pre-dose. b) 

15-HETE, 5-HETE and 20-HETE. *p<0.01 vs. pre-dose. **p=0.0003 vs. pre-dose. (a, b; n=6 for each group) c) ApoE null mice were injected with vehicle 

alone (ABCT) or vehicle containing L-4F at a dose of 1 mg/kg. Six hours later the plasma levels of 14,15-EET were determined by LC/MS/MS. (n=8 for each 

group) 
¶
p =0.0057 vs. ABCT. 
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Fig. (4). Correlation of plasma levels of 13-HODE and 15-HETE with a cell-free assay (CFA) for determining HDL-inflammatory properties. ApoE null mice 

were subcutaneously administered L-4F at a dose of 1 mg/kg. Plasma was obtained pre-dose and 5 or 6 hours after L-4F administration and levels of 13-HODE 

and 15-HETE were determined by LC/MS/MS and HDL inflammatory properties were determined by the CFA as described in MATERIAL and METHODS. 

Left panel, r2=0.93, p<0.0001; right panel, r2=0.76, p=0.0048. 

 

we measured urine 13-HODE levels to see whether there was 
increased excretion of oxidized lipids 6 hours after L-4F 
administration. However, there was no difference in urine 
13-HODE levels in mice administered L-4F or buffer alone 
(ABCT) suggesting that L-4F did not act to increase the ex-
cretion of 13-HODE (Supplemental Fig. (6)). 

Plasma 13-HODE and 15-HETE Levels Correlate with 
HDL Inflammatory Properties 

 We previously reported that the fluorescence resulting 
from the addition of HDL-containing plasma (plasma after 
removal of apoB-containing proteins) to a standard control 
LDL is a useful cell-free assay for determining the anti-
inflammatory properties of HDL

 
[22]. Therefore, we evalu-

ated the correlation of plasma HDL inflammatory properties 
measured by this cell-free assay (CFA) with the levels of 
plasma 13-HODE and 15-HETE after L-4F administration in 
mice. As shown in the left panel of Fig. (4) the levels of 
plasma 13-HODE strongly correlated with fluorescence lev-
els in the CFA (r

2
=0.93, p<0.0001). As shown in the right 

panel in Fig. (4) fluorescence levels in the CFA also corre-
lated with plasma levels of 15-HETE (r

2
=0.76). 

Plasma 13-HODE and 9-HODE Levels are Increased and 

HDL Anti-Inflammatory Properties are Decreased after 

Administration of 13(S)-HPODE In Vivo, and they are 

Improved by L-4F Administration 

 We previously reported [5] that in vitro the fatty acid 
hydroperoxide HPODE has extraordinary potency to oxidize 
lipids (i.e. HPODE was 200-times more potent than H2O2). 
We also reported [17] that the apolipoprotein mimetic pep-
tide L-4F has very high affinity for 13(S)-HPODE (KD = 17 
± 4 nM). Therefore, we hypothesized that administration of 
13(S)-HPODE in vivo might increase the levels of plasma 
oxidized fatty acids and reduce the anti-inflammatory prop-
erties of HDL. We also hypothesized that L-4F administra-
tion might mitigate the actions of 13(S)-HPODE in vivo. To 
test these hypotheses wild-type C57BL/6J mice were in-
jected subcutaneously on the back with 200 μL of vehicle 

containing 0, 0.75, 1.5, 3, 6 μg 13(S)-HPODE per mouse. As 
shown in Fig. (5a) 13(S)-HPODE administration dose-
dependently reduced the anti-inflammatory properties of the 
mouse HDL as determined in the cell-based assay. Next, 
wild-type C57BL/6J or wild-type C3H/HeJ mice were in-
jected subcutaneously on the back with vehicle alone or ve-
hicle containing 3 μg 13(S)-HPODE per mouse. Almost si-
multaneously each mouse received an injection of 200 μL of 
vehicle with or without L-4F at a dose of 1 mg/kg at a differ-
ent site from where the 13(S)-HPODE was injected. One 
hour later blood was drawn and plasma levels of 13-HODE 
or 9-HODE were measured by LC/MS/MS Fig. (5b and 5c). 
Administration of 13(S)-HPODE significantly increased 
plasma levels of 13-HODE and 9-HODE in atherosclerosis 
susceptible C57BL/6J mice Fig. (5b). Following injection of 
13(S)-HPODE subcutaneously on the back of the atheroscle-
rosis resistant C3H/HeJ mice, there was a slight but signifi-
cant increase in plasma levels of 13-HODE Fig. (5c). While 
there was a trend toward increased levels of 9-HODE in the 
C3H/HeJ mice following injection of 13(S)-HPODE, the 
increase did not reach significance Fig. (5c). Almost simul-
taneous administration of L-4F at a different site from that 
where the 13(S)-HPODE was administered prevented the 
increase in plasma levels of 13-HODE and 9-HODE after 
administration of 13(S)-HPODE Fig. (5b and 5c). The same 
protocol was followed in a separate group of mice except 
that L-4F was injected intraperitoneally and 6 hours after 
injection, HDL was isolated from the mice and HDL anti-
inflammatory properties were determined in the cell-based 
assay Fig. (5d). Administration of 13(S)-HPODE signifi-
cantly reduced the anti-inflammatory properties of the HDL 
of both wild-type C57BL/6J and wild-type C3H/HeJ mice. 
Almost simultaneous administration of L-4F at a different 
site [a site different from where the 13(S)-HPODE was in-
jected] significantly improved HDL anti-inflammatory prop-
erties in both strains Fig. (5d). 

 We also studied the effect of 13(S)-HPODE and L-4F 
administration on total HETEs/HODEs by hydrolyzing the 
samples as described in the Materials and Methods. Plasma
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Fig. (5). 13(S)-HPODE administration increases plasma 13-HODE and 9-HODE levels, and decreases HDL anti-inflammatory properties all of which are im-

proved by administration of L-4F. a) Wild-type C57BL/6J mice were injected subcutaneously on the back with 200 μL of vehicle (ABCT) containing 0, 0.75, 

1.5, 3, 6 μg 13(S)-HPODE per mouse. Six hours later HDL was isolated from the mice and added to cultures of human aortic endothelial cells that were ex-

posed to a standard control human LDL and monocyte chemotactic activity were determined by a bioassay as described in MATERIALS and METHODS. The 

left panel of the figure shows the assay controls, i.e. the values for no addition (No Add), the values for addition of the standard control human LDL without 

HDL (Std LDL) and the values obtained after adding the standard control human LDL to the cells together with a standard control human anti-inflammatory 

HDL (Std LDL + Std HDL). The values in the right panel of the figure indicate on the X-axis the dose of 13(S)-HPODE administered and on the Y-axis the 

values obtained in the assay after addition of the standard control human LDL together with mouse HDL from each dose group. (n=4 for each dose of 13(S)-

HPODE) *p<0.05 compared to zero μg 13(S)-HPODE; b) C57BL/6J mice (n=3-5 for each group) and c) C3H/HeJ mice (n=4 for each group) were injected 

subcutaneously on the back with 200 μL of vehicle (saline) or vehicle containing 3 μg 13(S)-HPODE per mouse. Each mouse simultaneously received 200 μL 

of vehicle (ABCT) with or without L-4F at a dose of 1 mg/kg administered by subcutaneous injection at a different site [a site different from where the 13(S)-

HPODE was injected]. One hour later plasma levels of 13-HODE and 9-HODE were determined by LC/MS/MS as described in MATERIALS and METH-

ODS. *p<0.05; **p=0.0106. d) In a separate group of mice the same protocol was performed as described in panels b and c except L-4F was injected intraperi-

toneally and 6 hours after injection HDL was isolated from the mice. HDL inflammatory properties were determined by bioassay as in panel a and as described 

in MATERIALS and METHODS. (n=4 for each group) *p<0.05. 
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total HETEs/HODEs were 3 to 20 times higher than free 
HETEs/ HODEs (supplemental Fig. (7) for representative 
total 13-HODE and 15-HETE). In contrast to the results on 
free HETEs/HODEs there was no effect of injection of L-4F 
on total HETEs/HODEs (supplemental Fig. (7) indicating 
that the action of L-4F is specific for free HETES/HODEs). 
To study whether pro-inflammatory changes of HDL require 
the injection of 13(S)-HPODE (the hydroperoxy form), we 
tested 13(S)-HODE (the hydroxy form) instead of 13(S)-
HPODE. There was no change in the anti-inflammatory 
properties of the HDL after 13(S)-HODE administration 
(supplemental Fig. (8) indicating that the hydroperoxy form 
is required). 

 Next, we studied whether 13(S)-HPODE was present in 
plasma of the mice after 13(S)-HPODE injection. Although 
by LC/MS/MS we could easily detect 13(S)-HPODE stan-
dard (supplemental Fig. (9)), we couldn’t detect 13-HPODE 
after 13(S)-HPODE injection (data not shown), suggesting 
13(S)-HPODE is rapidly reduced after injection into the 
mice. 

4F Prevents the HPODE-Mediated Conversion of Nor-

mal HDL into Proinflammatory HDL 

 To determine whether 4F can prevent the HPODE-
mediated conversion of normal HDL into proinflammatory 
HDL, we performed in vitro incubation experiments using 
HDL, 13(S)-HPODE and D-4F. D-4F is apoA-I mimetic 
peptide synthesized from D-amino acids and has been shown 
to reduce atherosclerosis in mice. Although we couldn’t see 
any change in apoA-I by SDS-PAGE analysis Fig. (6a) we 
found that 0.5 μg/ml of 13(S)-HPODE denatured the apoA-I 
protein in the HDL when analyzed by native-PAGE Fig. 
(6b). This HDL was dysfunctional as shown by its reduced 
ability to mediate cholesterol efflux Fig. (6c). Incubation of 
HDL with 13(S)-HPODE and D-4F (0.5 μg/ml) prevented 
the denaturation of apoA-I Fig. (6b and 6d) and prevented 
the loss of the ability of HDL to promote cholesterol efflux 
Fig. (6c). However, adding the D-4F after the incubation of 
HDL with 13(S)-HPODE did not reverse the 13(S)-HPODE-
mediated changes to apoA-I Fig. (6d). 

DISCUSSION 

 Using both ELISA and LC/MS/MS, we have demon-
strated that administration of the apoA-I mimetic peptide L-
4F significantly reduced plasma 15-HETE, 5-HETE, 13-
HODE, and 9-HODE levels, did not change 20-HETE levels, 
and significantly increased 14,15-EET levels within 6 hours 
of injection into apoE null mice. The binding affinities of the 
HETEs/HODEs which were found to be decreased after L-
4F administration were much higher for L-4F compared to 
apoA-I. In contrast, the binding affinity of 20-HETE for L-
4F was similar to apoA-I

 
[17]. These data are consistent with 

the hypothesis that L-4F removes oxidized lipids from 
plasma that bind with much higher affinity to L-4F compared 
to apoA-I but will not remove lipids that bind equally well to 
apoA-I and L-4F. The latter is not unexpected since the 
maximal plasma concentration of L-4F at the dose adminis-
tered produces plasma levels of ~ 2.0 μM compared to the  
 

concentration of apoA-I in the plasma of apoE null mice of 
~35 μM

 
[28]. 

 While we did not measure the binding affinity of EETs 
for L-4F or apoA-I, it would be difficult to understand how 
differences in binding affinities to L-4F or apoA-I could re-
sult in increased plasma levels following L-4F administra-
tion. In any event, the increased plasma levels of EET fol-
lowing L-4F administration are consistent with the known 
anti-inflammatory properties of L-4F. Sacerdoti et al. [29] 
reported that EETs stimulate heme oxygenase-1 (HO-1) in 
endothelial cells and Sodhi et al. [30] have reported that 
treatment of heme oxygenase-2 null mice with a dual activity 
EET-agonist/soluble epoxide hydrolase inhibitor increased 
renal and vascular EET levels and HO-1 expression. Abra-
ham and colleagues

 
[31-34] have also reported that a number 

of the anti-inflammatory properties of the 4F peptides are 
due to the ability of these peptides to increase HO-1. EET 
levels are largely controlled by soluble epoxide hydrolase 
which converts EETs to dihydroxyeicosatrienoic acids

 
[15]. 

Future studies will be needed to determine if L-4F may act 
directly or indirectly on soluble epoxide hydrolase to in-
crease plasma levels of EETs. 

 The reduction in plasma oxidized fatty acid levels was 
not accompanied by an increase in urinary excretion of 13-
HODE (Supplemental Fig. (6)) suggesting that the removal 
of the oxidized fatty acids from the plasma was likely asso-
ciated with metabolism of the oxidized fatty acids in the tis-
sues or excretion in the bile. Future studies will be needed to 
determine the precise mechanism(s). 

 In vivo fatty acid hydroperoxides, such as 13(S)-HPODE, 
are immediately reduced to more stable secondary products 
as HETEs/HODEs. In vivo 13-HODE is produced by the 
reduction of 13(S)-HPODE, and it is perhaps not surprising 
that we observed 13-HODE increase after 13(S)-HPODE 
administration. However, it was unexpected that the plasma 
9-HODE level increased to the same extent as 13-HODE in 
wild-type C57BL/6J mice Fig. (5b). The fact that the in-
crease in plasma levels of 13-HODE and 9-HODE were 
much less in atherosclerosis-resistant C3H/HeJ mice Fig. 
(5c) suggests that their resistance to atherosclerosis may in 
part be due to resistance to potent lipid oxidants such as 
13(S)-HPODE. Administration of 13(S)-HPODE signifi-
cantly reduced the anti-inflammatory properties of the HDL 
of both C57BL/6J and C3H/HeJ mice. However, the change 
in HDL anti-inflammatory properties following administra-
tion of 13(S)-HPODE to C3H/HeJ mice was less than in 
C57BL/6J mice similar to the differences in the plasma lev-
els of 13-HODE and 9-HODE after injection of 13(S)-
HPODE into these strains. In both strains, administration of 
L-4F significantly improved HDL anti-inflammatory proper-
ties Fig. (5d). 

 In vitro experiments demonstrated that 4F can prevent 
HPODE-mediated conversion of normal HDL into proin-
flammatory HDL Fig. (6). Taken together with the data 
showing a strong correlation between HDL anti-inflam-
matory properties and plasma levels of 13-HODE and 15-
HETE Fig. (4) the data in this manuscript suggest that L-4F 
differentially alters plasma levels of oxidized fatty acids re-
sulting in more anti-inflammatory HDL. 
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Fig. (6). 4F prevents the HPODE-mediated conversion of normal HDL into proinflammatory HDL. Human HDL (5ug HDL-cholesterol/ml) was incubated 

alone, or with 0.5 μg/ml of 13(S)-HPODE, or with 0.5 μg/ml of 13(S)-HPODE and 0.5 μg/ml of D-4F for 30 min and subjected to a) SDS-PAGE analysis or b) 

native-PAGE analysis. The gels were then subjected to Western analysis with anti-human apoA-I antibody. c) After the in vitro incubation, HDL was added to 

RAW264.7 macrophages and cholesterol efflux was determined as described in Materials and Methods in the presence or absence of 8-Bromo-cAMP (0.1mM) 

pretreatment to maximally stimulate the ABCA1 pathway. d) Human HDL (5 μg HDL-cholesterol/ml) was incubated alone, or with 13(S)-HPODE (0.5 μg/ml), 

or with 13(S)-HPODE (0.5 μg/ml) and D-4F (0.5 μg/ml) for 60 min (co-incubation), or with 13(S)-HPODE (0.5 μg/ml) for 30 min and then with D-4F (0.5 

μg/ml) for 30 min (post-incubation). HDL was subjected to native-PAGE analysis and analyzed by Western with anti-human apoA-I antibody. 
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ABBREVIATIONS 

HETEs = Hydroxy-eicosatetraenoic acids 

HODEs = Hydroxy-octadecadienoic acids 

EETs = Epoxyeicosatrienoic acids 

HPETE = Hydroperoxy-eicosatetraenoic acid 

HPODE = Hydroperoxy-octadecadienoic acids 

LOX = Lipoxygenase 

COX = Cyclooxygenase 

CYP = Cytochrome P450 
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