
This article is available online at http://www.jlr.org Journal of Lipid Research Volume 51, 2010 2947

Copyright © 2010 by the American Society for Biochemistry and Molecular Biology, Inc.

lationship between plasma HDL-cholesterol levels and car-
diovascular risk ( 1 ). The atheroprotective role of HDL is 
often related to its ability to promote reverse cholesterol 
transport ( 2 ). However, HDL presents several other anti-
atherogenic properties ( 3 ) such as inhibition of LDL ag-
gregation ( 4 ) and LDL nonenzymatic oxidation, which 
prevent cellular infl ammatory events mediated by oxidized 
phospholipids ( 5–7 ). Furthermore, HDL exerts a protec-
tive effect on endothelial cells and monocytes ( 8–10 ) be-
cause it inhibits cells from producing the infl ammatory 
molecules induced by modifi ed LDL and lipopolysaccha-
ride (LPS). 

 Some of the protective effects of HDL have been attrib-
uted mainly to apolipoprotein (apo)A-I ( 6–8 ), the major 
protein of HDL. However, enzymatic activities associated 
with HDL, such as paraoxonase ( 11 ) and platelet-activat-
ing factor acetylhydrolase (PAF-AH) ( 12 ), have also been 
related to its atheroprotective action. 

 In contrast to atheroprotective HDL, electronegative 
LDL [LDL(–)] is a minor LDL subfraction in plasma cir-
culation whose proportion is increased in atherosclerosis-
associated diseases such as diabetes mellitus or familial 
hypercholesterolemia ( 13, 14 ). We have reported that 
LDL(–) does not present a different degree of oxidation 
compared with LDL(+) ( 15 ), but other physico-chemical 
characteristics differ from those in naturaly-occurring 
LDL. LDL(–) presents higher nonesterifi ed fatty acid 
(NEFA) content ( 16 ), susceptibility to aggregation ( 15 ), 
binding to proteoglycans (PG) ( 17 ), PAF-AH ( 18 ), phos-
pholipase C (PLC)-like activity ( 19 ), and a lower binding 
to LDL receptor ( 20 ) than LDL(+). In addition, LDL(–) 
exerts infl ammatory effects on endothelial cells, such as 
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bation of LDL, HDL, and apoAI with monocytes (10 6  cells) for 20 
h in the conditions indicated below. Cell supernatants were then 
collected to quantify interleukin (IL)6, IL8, IL10 and monocyte 
chemotactic protein (MCP)1 by ELISA (Bender Medsystems) as 
described ( 24 ). LPS at 0.1 mg/L (Sigma) was used as a positive 
control of infl ammation. 

 In coincubation experiments, LDL(+) or LDL(–) (150 mg 
apoB/L) were added to the cells alone or simultaneously with 
HDL (LDL+HDL, at apoB:apoAI proportions 2:1 and 1:1) or 
commercial apoAI (LDL+apoAI, at a proportion of 2:1). We also 
coincubated, at a proportion of 1:1, LDL(+) or LDL(–) with 
VLDL and LDL(–) with LDL(+). In preincubation experiments, in 
order to rule out interferences with the presence of HDL in the 
culture, LDL(+) or LDL(–) were previously incubated with HDL 
or commercial apoAI, at the same concentrations as in coincuba-
tion, and reisolated prior to the addition to monocytes. In prein-
cubation assays, reisolated LDL was termed LDL-HDL and 
LDL-apoAI, whereas reisolated HDL and apoAI were termed HDL-
LDL and apoAI-LDL. Incubation of monocytes with NEFA-LDL was 
also carried out. In all cases, concentration in the culture was 150 
mg apoB/L for LDL and 150 mg apoAI/L for HDL and apoAI. 

 Lipid and apoprotein composition 
 Cholesterol, triglyceride, apoB, apoAI (Roche Diagnostic), 

phospholipids and NEFA (Wako Chemicals) content of LDL, 
HDL, and apoAI were determined in a Hitachi 917 autoanalyzer. 
The results were expressed as the percentage of lipoprotein mass 
and, in the case of NEFA, as  � mol NEFA/g apoB for LDL and 
 � mol NEFA/g apoAI for HDL. 

 Electronegative charge and oxidation tests 
 The electrophoretic mobility of LDL and HDL by charge was 

assessed in commercial agarose gels (Biomidi) following the 
manufacturer’s instructions. 

 Lipid components from samples (200  � g of apoB or apoAI) 
were extracted by the Bligh and Dyer method ( 27 ) and conju-
gated dienes, as an estimation of lipoperoxidation, were evalu-
ated by normal-phase HPLC using a Beckman Gold System 
chromatograph as described ( 28 ). Conjugated dienes of the sam-
ples were measured by calculating the ratio between the phos-
phatidylcholine (PC) peak areas at 234 nm (oxidized PC) and at 
205 nm (maximum absorbance of PC). Peroxide content of lipo-
proteins (20  � g of apoB for LDL or apoAI for HDL) was quanti-
fi ed by the Auerbach assay ( 29 ), based on the reaction with 
benzoyl leucomethylenblue (TCI), hydroperoxy-octadecadienoic 
acid (Biomol) was used as standard. 

 Enzymatic activity measurements 
 PAF-AH activity of the samples at 0.2 g/L apoB (LDL) and 

apoAI (HDL) was evaluated by a commercial colorimetric assay 
based on degradation of 2-thio-PAF (Cayman Chemical), as de-
scribed ( 18 ). 

 PLC-like activity of LDL(+), LDL(–), HDL, and apoAI in the 
different incubation conditions was evaluated as previously de-
scribed ( 19 ). Briefl y, we used a commercial fl uorimetric assay 
based on enzyme-coupled reactions and a fi nal detection of fl uo-
rescent Amplex Red. Lysophosphatidylcholine (LPC) and sphin-
gomyelin (SM) were used as substrates and 30  � g of apoB (LDL) 
or apoAI (HDL) of the samples were assayed. Fluorescence was 
monitored for 3 h and activity was calculated by the maximum 
slope of curve. The PLC-like activity was also assessed in LDL(–) 
previously treated for 2 h at 37°C with albumin (1 g/L apoB of 
LDL and 45 g/L albumin). 

 To corroborate the sphingomyelinase (SMase) activity and avoid 
possible interferences of the Amplex Red method, the degradation 

induction of cytokine release ( 21 ), cytotoxicity ( 22 ), and 
apoptosis ( 23 ). LDL(–) also exerts an effect on mononu-
clear leukocytes by inducing several infl ammatory mole-
cules such as chemokines or Fas ( 24, 25 ). 

 Because the bioactivity of LDL particles can be regu-
lated by HDL, it is feasible that HDL could exert an anti-
infl ammatory effect on LDL(–). Therefore, the aim of this 
study was to evaluate the putative protective role of HDL 
and apoAI against the proinfl ammatory activity of LDL(–) 
evaluated by its capacity to induce cytokine release in 
monocytes. In addition, because LDL(–) and HDL inter-
action could lead to biochemical changes in particles, 
we also assesed their main characteristics after incuba-
tion, including lipid and apoprotein composition, elec-
tronegative charge, oxidative level, enzymatic activities, 
aggregation, particle size, and binding to PG. HDL 
characteristics after incubation with LDL(–) were also 
evaluated. 

 METHODS 

 Lipoprotein isolation 
 Plasma samples from healthy normolipemic volunteers (total 

cholesterol < 5.2 mM, triglycerides < 1 mM) were obtained in 
EDTA-containing Vacutainer tubes. The study was approved by 
the institutional Ethics Committee and subjects gave their writ-
ten informed consent. LDL (1.019–1.050 g/mL) and HDL 
(1.100–1.210 g/mL) were isolated by sequential fl otation ultra-
centrifugation at 4°C. Total LDL was subfractionated into LDL(+) 
and LDL(–) by preparative anion-exchange chromatography in 
an ÄKTA-FPLC system (Amersham Pharmacia) ( 15 ). The LDL(–) 
proportion ranged from 4 to 6% of total LDL and the main char-
acteristics of both LDL subfractions were similar to those previously 
reported ( 26 ). 

 LDL preincubation with NEFA 
 For some experiments, native LDL was loaded with a mixture 

of NEFA with a fatty acid proportion similar to that found in hu-
man serum as described ( 16 ). Briefl y, LDL was incubated for 4 h 
at 37°C in the presence of albumin (45 g/L) with increasing 
amounts of the NEFA mixture (NEFA concentration: 0.5 mM 
and 1.5 mM), and LDL was then reisolated by ultracentrifugation 
and termed NEFA-LDL. 

 LDL preincubation with HDL and apoAI 
 LDL(+) and LDL(–) (0.5 g/L apoB) were incubated with HDL 

and commercial apoAI from human plasma (Sigma) in different 
proportions of apoB versus apoAI (2:1, 1:1, or 1:2), with 1 = 0.5 
g/L, which means that the concentration of apoB was, respec-
tively, double, the same, or half that of apoAI. Incubation was 
carried out at 37°C for 2 h in phosphate saline buffer with gentle 
shaking in the presence of butylated hydroxytoluene (20  � M) to 
avoid oxidation. After incubation, LDL and HDL were reisolated 
by ultracentrifugation according to their density. 

 LDL(+), untreated and treated with HDL and apoAI, was used 
in the experiments as a control. However, data obtained are only 
shown in Results when considered of interest. 

 Cytokine release in monocytes by LDL and HDL 
 Monocytes were isolated from blood of healthy volunteers by 

density as previously described ( 24 ). All participants gave their 
written informed consent. The general procedure involved incu-
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 Lipid and apoprotein composition 
 Some components of LDL(–) could be transferred to 

HDL or vice versa during preincubation, thereby making 
LDL(–) lose and HDL gain infl ammatory properties. To 
ascertain which components could be involved, biochemi-
cal characterization of the particles was performed after 
incubation of both lipoproteins and their reisolation. 

 LDL(+) composition in the different conditions and HDL 
and apoAI after incubation with LDL(+) did not change 
(data not shown). The main lipids and apoproteins con-
tained in LDL(–) and HDL also remained unchanged after 
preincubation (  Table 2  ). ApoAI content in LDL and apoB in 
HDL were undetectable with the methods used, and conse-
quently lipoproteins were considered free of contamination 
when reisolated. Regarding apoAI, the particle reisolated af-
ter incubation with LDL(–) gained a low proportion of lipids, 
probably transferred from LDL(–), which were almost unde-
tectable in apoAI alone and incubated with LDL(+). 

 The amount of NEFA, a minor component of LDL 
which is increased in LDL(–), diminished in this fraction 
after incubation with HDL (  Fig. 3A  ). In contrast, incuba-
tion of LDL(–) with apoAI did not alter its NEFA content. 
In turn, preincubation of HDL with LDL(–) promoted an 
increase in NEFA in HDL ( Fig. 3B ) that concurred with 
the amount of NEFA removed from LDL(–), around 30 
 � mols. In apoAI preincubated with LDL(–), a slight in-
crease was found in NEFA content but to a lesser degree 
than that found in native HDL. 

 The electronegativity of the samples followed the same 
behavior as NEFA because NEFAs possess a high electro-
negative charge.  Figure 3C  shows that preincubation of 
LDL(–) with HDL, but not with apoAI, diminished its mo-
bility in agarose electrophoresis whereas HDL postincu-
bated with LDL(–) increased its mobility. 

 NEFA effect on cytokine release 
 To ascertain whether NEFA content was an important 

factor in inducing cytokine release by monocytes in re-
sponse to LDL(–), the effect of NEFA-enriched LDL on 
such release was evaluated. NEFA-LDL induced cytokine re-
lease and the effect was dose-related, as observed in   Table 3  . 
However, LDL loaded with 1.5 mM NEFA, which reached a 
NEFA content slightly higher than that of LDL(–), did not 
promote the same cytokine release as LDL(–) itself. 

 Oxidation levels 
 Although our previous studies did not show a higher 

oxidation level in LDL(–) than in LDL(+), we tested 
whether minor amounts of oxidized lipids could be trans-
ferred from LDL(–) to HDL. Peroxide content did not dif-
fer either between LDL(+) and LDL(–) or by incubation 
with HDL in any condition (  Table 4  ), by the Auerbach 
method and by the degree of oxidation of PC. Oxidized 
LDL was used as positive control and presented a higher 
content in lipoperoxides (11.85 ± 3.28  � mol/g apoB). 

 Enzymatic activities 
 Because LDL(–) possesses increased PAF-AH and PLC-like 

activity versus LDL(+), we tested whether these enzymatic 

of SM labeled with borondipyrromethene (SM-BODIPY) (Molecu-
lar Probes) was also measured. As described, samples (50  � g) were 
incubated with SM-BODIPY for 3 h at 37°C, followed by lipid ex-
traction and separation by thin layer chromatography (TLC) ( 19 ). 

 Aggregation and PG binding studies 
 Lipoprotein size and presence of lipoprotein aggregates in the 

different conditions analyzed were evaluated by nondenaturing 
polyacrylamide gradient gel electrophoresis (GGE). The basal ag-
gregation level was also evaluated by absorbance at 680 nm (0.5 
g/L apoB or apoAI). LDL susceptibility to aggregation was deter-
mined by monitoring absorbance at 680 nm after vortexing LDL 
and HDL (0.2 g/L apoB or apoAI) at increasing times ( 15 ). 

 PG binding of LDL and LDL treated with HDL was assessed by 
PG affi nity chromatography and the LDL-glycosaminoglycan 
(GAG) precipitation method as widely described ( 17 ). Briefl y, 
the PG affi nity was performed using a HiTrap column with hu-
man arterial PG, and the precipitation method was carried by 
incubating LDL with GAG and measuring the bound particles, 
which precipitate in centrifugation. 

 Statistical analysis 
 Results are expressed as mean ± SD. A Sigma Stat 2.0 statistical 

package was used. Differences between groups were tested with 
Wilcoxon’s  t -test (for paired data). 

 RESULTS 

 Cytokine release induced by LDL(–) and HDL 
 One of the main infl ammatory actions of LDL(–) is in-

duction of the release of several cytokines in monocytes. 
The inhibitory effect promoted by HDL and apoAI on 
the release of MCP1, IL6, IL8, and IL10 induced by 
LDL(–) is shown in   Fig. 1  . This inhibitory action on LDL(–) 
was found in coincubation with cells [LDL(–)+HDL and 
LDL(–)+apoAI] as well as in preincubation conditions 
[LDL(–)-HDL and LDL(–)-apoAI] in which LDL(–) was re-
isolated prior to the addition to cells. The inhibition pro-
moted by HDL was concentration-dependent and higher 
than 65% when the same concentration of apoAI and 
apoB was used. Inhibition in cytokine release by HDL and 
apoAI was even higher than 50% when half of the amount of 
apoAI was used except for IL8 in preincubation with HDL 
and coincubation with apoAI. Coincubation of LDL(–) with 
VLDL or LDL(+) did not inhibit cytokine release more than 
10% (  Table 1  ). 

 Interestingly, when HDL was preincubated with LDL(–) 
[HDL-LDL(–)] and then reisolated and added to cells, the 
cytokine release by monocytes signifi cantly increased com-
pared with native HDL and HDL incubated with LDL(+): 
approximately 3-fold for IL6 and 2-fold for the other cyto-
kines (  Fig. 2  ). Indeed, HDL-LDL(–) induced production 
of IL6 and IL8 by monocytes at a similar level to LDL(–) 
and slightly lower production of MCP1 and IL10. Un-
treated HDL presented a similar or lower inductor cyto-
kine effect than LDL(+). In contrast, apoAI promoted a 
lower cytokine release in all cases, even when preincubated 
with LDL(–). The production of cytokines by apoAI was 
similar to the basal levels of cells alone, with values lower 
than 0.1 ng/10 6  cells. 
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HDL and apoAI evaluated by the method of Amplex Red 
is shown in   Fig. 4A   (LPC) and 4B (SM). The activity of 
HDL and apoAI alone and after incubation with LDLs is 
shown in  Fig. 4C  (LPC) and 4D (SM). 

 Taken together, results show how the high PLC-like ac-
tivity of LDL(–) was reduced when LDL(–) had been incu-
bated previously with HDL and reisolated, and this effect 
was related to the amount of HDL. ApoAI effect was also 
evaluated and was found to reproduce the effect promoted 
by HDL, thereby suggesting that apoAI is involved in the 
inhibition of the PLC-like effect of HDL. At the same pro-
portion of apoAI and apoB, HDL and apoAI already inhib-
ited around 50% of the activity of LDL(–). 

 On the other hand, HDL and apoAI reisolated after in-
cubation with LDL(–) gained PLC-like activity. HDL and 
apoAI alone presented very low activity to hydrolyze LPC 
and SM, similar to LDL(+); however, this activity increased 
more than 10-fold when HDL and apoAI were previously 
incubated with LDL(–). 

 These data were corroborated by TLC using SM-
BODIPY as a substrate; the technique was performed to 
avoid possible interferences in the Amplex Red method. 
TLC images are incorporated in  Figs. 4B and 4D , where it 
can be observed that the presence of ceramide, the prod-
uct of SMase activity, was lower when LDL(–) had been 
preincubated with HDL and apoAI. In contrast, there was 
no ceramide production with HDL, but it did appear after 
incubation with LDL(–) as well as in apoAI-LDL(–). 

activities were modifi ed after incubation of LDL(–) with 
HDL and apoAI. 

 When LDL(–) was incubated with HDL, its PAF-AH ac-
tivity did not change ( Table 4 , right column); in contrast, 
LDL(+) after incubation with HDL gained PAF-AH activ-
ity, which is in parallel with a small but signifi cant decrease 
in HDL. 

 Regarding PLC-like activity, LDL(–) is capable of de-
grading SM, and particularly LPC, at a high rate whereas 
LDL(+) did not degrade these substrates (lower than 2 
mU activity/mg apoB). LDL(–) depleted in NEFA by incu-
bation with albumin did not lose any PLC-like activity (data 
not shown), suggesting that the content of NEFA of 
LDL(–) is not involved in this enzymatic activity. The PLC-
like activity of LDL(–) alone and after incubation with 

  Fig.   1.  Monocyte cytokine release promoted by LDL(+), LDL(–), and LDL(–) treated with HDL and apoAI. The release of MCP1, IL6, 
IL8, and IL10 expressed as ng/10 6  cells was evaluated after incubation of monocytes with LDLs. LDL(–) treated with HDL and apoAI in 
coincubation conditions was named LDL(–)+HDL and LDL(–)+apoAI, respectively, and LDL(–)-HDL and LDL(–)-apoAI in preincuba-
tion. The X axis indicates the proportion of apoB:apoAI used in preincubation: 1 = 0.5 g apoB/L of LDL and 0.5 g apoAI/L of HDL. 
The fi nal amount of LDL and HDL in each well was 150  � g of apoB (LDL) or apoAI (HDL). Release promoted by LDL(+) is shown in 
striped bars, by LDL(–) in gray bars, by LDL(–) in coincubation conditions in dotted bars, and in preincubation in white bars. Data are 
the mean ± SD of four experiments. Statistical differences with  P  = 0.068 are indicated as follows: * LDL(–) vs LDL(+);  #  LDL(–) treated 
versus LDL(–) untreated;  $  preincubation versus coincubation, at the same lipoprotein concentration.   

 TABLE 1. Cytokine release induced by LDL(–) coincubated 
with LDL(+) and VLDL 

LDL(–) LDL(–)+LDL(+) LDL(–)+VLDL

MCP1 1.85 ± 0.44 1.69 ± 0.58 1.67 ± 0.40
IL6 1.30 ± 0.14 1.24 ± 0.18 1.41 ± 0.45
IL8 8.45 ± 3.48 7.71 ± 3.07 8.67 ± 4.75
IL10 0.52 ± 0.16 0.48 ± 0.17 0.47 ± 0.16

The lipoproteins were coincubated, at a proporation of 1:1 (150 
mg/L of apoB), with monocytes. Cytokine release is expressed as 
ng/10 6 cells (n = 3). In LDL(-) incubated with LDL(+) and VLDL, 
cytokine release induced by the lipoprotein added additionally to 
LDL(-) was subtracted . 
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more susceptible to aggregation than LDL(+) (15). After 
treatment with HDL, changes in LDL(–) size or aggrega-
tion level were not found by GGE (  Fig. 5A  ). By measuring 
the basal absorbance at 680 nm, it was corroborated that it 
was not modifi ed by treatment with HDL either (differ-
ences lower than 4%). 

  Fig. 5B  shows that susceptibility to aggregation was in-
hibited when LDL(–) was incubated with HDL and apoAI, 
thereby reaching values similar to those of LDL(+). Never-
theless, HDL and apoAI were not more aggregable after 
incubation with LDL(–) because absorbance remained 
stable (0.05 absorbance units) despite vortexing at increas-
ing times. 

 In view of previous results in which aggregation level was 
associated with a higher affi nity to PGs ( 17 ), we performed 
assays evaluating this property by PG affi nity chromatogra-
phy and precipitation with GAG methods. Nevertheless, no 
differences were found by these methods. LDL(–) in the 
different incubation conditions followed the same profi les 
in PG affi nity chromatograms, and differences by the pre-
cipitation method were lower than 5% (data not shown). 

 DISCUSSION 

 This study provides new insights into the atheroprotec-
tive role of HDL. It has been previously reported that HDL 

 Aggregation and PG binding 
 Greater PLC-like activity has been related to an in-

creased aggregation in LDL(–) (19); moreover, LDL(–) is 

  Fig.   2.  Monocyte cytokine release promoted by HDL and apoAI, in native state and preincubated with LDLs. The release of MCP1, IL6, 
IL8, and IL10 expressed as ng/10 6  cells was evaluated after incubation of monocytes with HDL and apoAI. In preincubation, 0.5 g apoB/L 
of LDL and 0.5 g apoAI/L of HDL were used. The fi nal amount of HDL and apoAI in each well was 150  � g of apoAI. Cytokine release 
promoted by HDL is shown in white bars and that by apoAI in striped bars. Data are the mean ± SD of four experiments. Statistical differ-
ences with  P  = 0.068 are indicated with  #  HDL treated versus untreated HDL.   

 TABLE 2. Main components of LDL(-), HDL, and apoAI in 
native state and after treatements 

LDL(–)

Untreated After HDL After apoAI

%CT 42.2 ± 1.7 41.8 ± 2.0 42.3 ± 2.5
%TG 9.4 ± 1.2 9.4 ± 1.3 9.6 ± 1.1
%PL 27.1 ± 2.9 27.5 ± 3.2 27.8 ± 3.5
%ApoB 21.3 ± 1.1 21.3 ± 1.0 20.3 ± 1.6
%ApoAI ND ND ND

HDL apoAI

Untreated After LDL(–) Untreated After LDL(–)

%CT 18.5 ± 2.2 18.4 ± 1.1 0.03 ± 0.05 1.39 ± 0.59 * 
%TG 4.6 ± 3.3 4.1 ± 0.8 ND 1.35 ± 1.59
%PL 34.8 ± 3.6 34.5 ± 3.8 0.53 ± 0.61 5.84 ± 1.69 * 
%ApoAI 42.1 ± 4.6 43.0 ± 3.6 99.4 ± 0.6 91.42 ± 1.64 * 
%ApoB ND ND ND ND

The amount of each component is expressed as % of mass. The 
table shows composition of LDL(–) in native state and preincubated 
with HDL and apoAI in 1:1 proporation (being 1 = 0.5 g apoB/L of 
LDL and 0.5g apoAI/L of HDL). It also shows composition of HDL 
and apoAI in native state and preincubated with LDL(–) in 1:1 pro-
portion. CT, cholesterol; TG, triglyceride; PL, phospholipids; ND, non-
detectable; n = 9 except for apoAI (n = 4). Signifi cant differences with 
 P  = 0.068 are indicated with  *  versus native state.
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reisolated after incubation with LDL(–) possessed more 
PLC-like activity than native HDL and also induced more 
cytokine release. 

 Regarding cytokine induction, we found that when HDL 
and apoAI were added to monocytes together with LDL(–), 
the cytokine release was signifi cantly lower than that 
promoted by LDL(–) alone. This inhibitory effect was also 
observed when LDL(–) was preincubated with HDL or 
apoAI and isolated prior to its addition to cells. In both 
cases, LDL(–) effect on cytokine release became similar to 
that induced by LDL(+). In preincubation experiments, 
the oxidative level of LDL(–) was not modifi ed by HDL. 
Hence, in this case, the anti-oxidative role of HDL does 
not appear to be involved in preventing infl ammation as 
had been suggested previously ( 6, 7 ). As LDL(–) presented 
a decreased cytokine release when reisolated after incuba-
tion with HDL and apoAI, it seems that the protective 
HDL action would not be exerted directly on monocytes 
or at least not totally. HDL seems to interact with LDL(–) 
and modify the particle, thereby counteracting its infl am-
matory effect. As a consequence of this interaction with 
LDL(–), HDL, but not apoAI, gains the ability to induce 
cytokine release. These data suggest that LDL(–) could 
transfer some component to HDL that would be respon-
sible for its infl ammatory behavior, although another pos-
sibility would be a transfer of some atheroprotective 
molecule from HDL to LDL. To ascertain which charac-
teristics of LDL(–) could be modifi ed by HDL, several de-
terminations were performed in LDL and HDL reisolated 
after incubation. 

 The chemical composition of lipoproteins revealed that 
only NEFA content changed in LDL as well as in HDL af-
ter incubation. We observed a decrease in NEFA content 
in LDL(–) and an increase in HDL. The amount of NEFA 
removed from LDL(–) concurs with the quantity of NEFA 
gained by HDL. Hence, there seems to be a transfer of this 
component from LDL(–) to HDL. The negative electrone-
gative charge followed the same behavior because NEFA is 
a major determinant of the electronegative charge of lipo-
proteins ( 30 ). Nevertheless, incubation of LDL(–) with 
apoAI appears to decrease neither NEFA content nor elec-
tronegative charge by the detection methods used. How-
ever, apoAI after incubation with LDL(–) gained a certain 
quantity of lipids, including NEFA, compared with puri-
fi ed apoAI in which these components were almost un-
detectable. This slight enrichment was probably due to 
transference from LDL(–), but the amount was too low to 
be refl ected as a loss of the same component in LDL(–) by 
the methods used. NEFA content in LDL(–) has been de-
scribed as a signifi cant factor involved in the cytokine re-
lease promoted by this particle in endothelial cells ( 28 ). In 
our experiments, HDL decreased the amount of NEFA in 
LDL(–) and also inhibited its cytokine release by cells. To 
confi rm the involvement of NEFA content in the infl am-
matory role of LDL(–) on monocytes, experiments load-
ing LDL with a mixture of NEFA were performed, and the 
NEFA-LDL increased cytokine release in a dose-dependent 
manner. Nevertheless, LDL enriched with NEFA to a simi-
lar content to LDL(–) did not reach the same amount of 

  Fig.   3.  NEFA content and electronegative charge of LDL(–), 
HDL, and apoAI in native state and after treatments. LDLs were 
preincubated with HDL and apoAI (0.5 g apoB/L of LDL and 0.5 
g apoAI/L of HDL). In  A , NEFA content expressed as  � mol/g 
apoB is shown in striped bars for LDL(+), gray bars for LDL(–), 
and white bars for treated LDL(–). In  B , NEFA content expressed 
as  � mol/g apoAI is shown in white bars for HDL and in striped 
bars for apoAI. Data are the mean ± SD of seven experiments ex-
cept for apoAI in  B  (n = 4). Statistical differences with  P  < 0.05 are 
indicated: * LDL(–) versus LDL(+) and  #  LDL(–), HDL, and apoAI 
after preincubation treatment versus native state. The electropho-
retic charge of the samples in an agarose gel is shown in  C .   

prevents the effect of oxidized LDL and minimally modi-
fi ed LDL (mmLDL) ( 6, 7 ); however, our fi ndings show 
that HDL also neutralizes LDL(–), an infl ammatory parti-
cle that is isolable from plasma and does not present a 
higher level of oxidation than native LDL ( 15 ). In fact, the 
properties of LDL(–) differ considerably from those of 
mmLDL because LDL(–) presents PAF-AH and PLC-like 
activity and high binding to proteoglycans whereas 
mmLDL does not. One of the most notable properties of 
LDL(–) is its capacity to induce the release of cytokines by 
endothelial and mononuclear cells ( 24, 26 ). A major nov-
elty of the current work was that the release of cytokines 
promoted by LDL(–) in monocytes was counteracted by 
HDL and even by apoAI alone. Furthermore, PLC-like ac-
tivity of LDL(–) is also inhibited by HDL. In turn, HDL 
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 On the other hand, it seems feasible that a protein with 
PLC-like activity may be transferred from LDL(–) to HDL 
or apoAI because, after incubation of both lipoproteins, 
this activity was decreased in LDL(–) and increased in 
HDL and apoAI. Unfortunately, it is not known which pro-
tein is responsible for this PLC-like activity. As apoB has 
been proposed as a candidate ( 19, 32 ), we cannot rule out 
the possiblity that apoB fragments with this phospholipoly-
tic activity could be transferred from LDL(–) to HDL and 
apoAI although we did not detect the presence of apoB 
with the methods used. Another possibility would be the 
transfer of another nonidentifi ed protein from LDL(–) to 
HDL or changes in the lipid environment that could mod-
ify the conformation or activity of this enzyme. A decrease 
in NEFA content promoted in LDL(–) after HDL incuba-
tion would not be responsible for the loss in PLC-like activ-
ity as supported by experiments in which NEFA content 
was depleted in LDL(–) by incubation with albumin. As it 
has been reported that incubation of oxidized LDL with 
albumin removes oxidized lipids from the particle ( 33 ), 
our results suggest that oxidized lipids are not involved in 
PLC-like activity. Further studies are required to ascertain 
the protein with PLC-like activity and to determine whether 
there is transfer of it between LDL(–) and HDL. 

 Although many aspects of PLC-like activity associated 
with LDL(–) are unknown, there could be a relationship 
between phospholipolytic activity and cytokine release. It 
has been reported that ceramide is an infl ammatory me-
diator ( 34 ). Because HDL and apoAI inhibit PLC-like ac-
tivity of LDL(–), the formation of cell mediators such as 
ceramide or other products of this activity could be 
avoided. These products could be generated by hydroly-
sis of phospholipids from LDL(–) itself or from the cell 
membrane as reported in the case of other modifi ed LDL 
( 35 ). Moreover, PLC-like activity would be favored in the 
incubation with monocytes, because enzymatic activity in-
creases at 37°C, thereby increasing the production of 
infl ammatory cell mediators. This effect would be coun-
teracted in the case of preincubation of LDL(–) with HDL 
and apoAI. 

 PLC-like activity is related to the higher degree of ag-
gregation level of LDL(–) ( 19 ) and to its increased affi nity 
to PG ( 17 ). Therefore, inhibition of phospholipolytic ac-
tivity by HDL could lead LDL(–) to present lower aggrega-
tion and decreased binding to PG. Moreover, NEFA 
content of lipoproteins is also related to aggregation ( 36 ); 
hence, a decrease in NEFA could also promote a lower 

cytokine release, thereby suggesting that further compo-
nents of LDL(–) are involved in its infl ammatory effect. 
According to this idea, apoAI, which did not decrease 
NEFA content in LDL(–), diminished cytokine release 
promoted by LDL(–). Therefore, other lipids or proteins 
related to infl ammatory action, apart from NEFA, could 
be transferred from LDL(–) to HDL and apoAI. Because 
PAF-AH and PLC-like activity are increased in LDL(–) ( 18, 
19 ), both activities were evaluated in different conditions. 

 PAF-AH present in HDL has been proposed as involved 
in its atheroprotective function, mainly by degrading oxi-
dized phospholipids of LDL ( 12 ). PAF-AH is easily trans-
ferred among lipoproteins in its dissociable form ( 31 ). Its 
involvement in the counteracting action of HDL on 
LDL(–) is unlikely because LDL(–) is not an oxidized par-
ticle ( 15 ) and LDL(–) itself presents higher PAF-AH activ-
ity than HDL ( 18 ). However, PAF-AH could be transferred 
from LDL(–) to HDL and, because this enzyme yields 
NEFA and LPC, LDL(–) could decrease its infl ammatory 
action. Nevertheless, current results show that LDL(–) 
preincubated with HDL did not modify PAF-AH activity 
whereas LDL(+) had a slight increase in this enzymatic ac-
tivity after HDL treatment although its infl ammatory activ-
ity was not modifi ed. 

 TABLE 4. Oxidation levels and PAF-AH activity of LDL(+), LDL(–), 
and HDL in native state and after treatments 

Ratio 205/234 nm
 � mol Peroxides/
g apo (Auerbach)

PAF-AH Activity 
( � mol/min/mg apo)

LDL(+) 62.1 ± 8.8 4.20 ± 1.03 0.80 ± 0.30
LDL(+)-HDL 67.6 ± 7.9 4.61 ± 1.68 1.62 ± 0.24 # 
LDL(–) 71.1 ± 5.5 3.19 ± 1.35 3.91 ± 0.69*
LDL(–)-HDL 66.2 ± 10.1 3.63 ± 1.63 3.62 ± 1.20
HDL 65.3 ± 1.6 4.97 ± 2.67 2.34 ± 0.42*
HDL-LDL(+) 65.9 ± 1.8 3.92 ± 2.20 1.67 ± 0.25 # 
HDL-LDL(–) 64.5 ± 2.9 4.73 ± 2.19 2.56 ± 0.83

The same concentration of apo B and apoAI was used in 
preincubation (0.5 g apoB /L of LDL and 0.5 g apoAI/L of HDL) and 
lipoproteins were then reisolated (n = 4). The assays were performed 
from the same samples: LDL(+) alone, LDL(+) preincubated with HDL, 
LDL(–) alone, LDL(–) preincubated with HDL, HDL alone, HDL 
preincubated with LDL(+) and HDL preincubated with LDL(–). Ratios 
of the PC peak areas at 234 nm (conjugated dienes) and 205 nm 
(maximum absorbance of PC) of the samples (200  � g of apoB or apoAI) 
were evaluated by HPLC. Peroxide content of the samples (20  � g of 
apoB or apoAI) was quantifi ed by Auerbach assay and expressed as  � mol 
peroxides/g apoB (LDL) or  � mol peroxides/g apoAI (HDL). PAF-AH 
activity of the samples (3  � g of apoB or apoAI) was quantifi ed from the 
slope of the kinetics of thio-PAF degradation. Signifi cant differences 
with  P  = 0.068 are indicated: * untreated LDL(–) and HDL versus LDL(+) 
and  #  treated lipoprotein versus respective untreated lipoprotein.

 TABLE 3. Cytokine release induced in monocytes by NEFA-LDL 

NEFA(0)-LDL NEFA(0.5)-LDL NEFA(1.5)-LDL LDL(-)

NEFA content 20.4 ± 6.44 47.4 ± 6.34* 70.8 ± 27.4* 55.92 ± 7.35
MCP1 0.96 ± 0.55 1.2 ± 0.70* 1.38 ± 0.61* 2.58±1.04
IL6 0.54 ± 0.13 0.69 ± 0.46 0.82 ± 0.40* 1.52 ± 0.38
IL8 5.99 ± 1.41 6.80 ± 2.44 9.34 ± 3.06* 12.57 ± 5.87
IL10 0.18 ± 0.09 0.26 ± 0.20 0.38 ± 0.31* 0.61 ± 0.173

NEFA concentration in the incubation with LDL is expressed as mM in parentheses. Final NEFA content in 
LDL is expressed as  � mol NEFA/g apoB and cytokine release as ng/10 6  cells (n = 6). Data of LDL(–), including 
NEFA content and cytokine release, are extracted from results of  Fig. 1 and 3A . Signifi cant differences with  P  < 0.05 
versus NEFA(0)-LDL are indicated with  * .
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hibited cytokine release, PLC-like activity, and susceptibil-
ity to aggregation. In contrast to apoAI, HDL gains NEFA 
content and the ability to induce release in parallel with a 
loss of these properties in LDL(–). This could be related 
to the observation that HDL can become atherogenic in 
situations such as acute-phase response and infl ammatory 
states in which HDL loses its protective role and under-
goes remarkable structural alterations ( 9, 38 ). Lack of cy-
tokine release promoted by apoAI after being treated with 
LDL(–) could be related to an inability to be recognized 
by cellular receptors, whereas the whole structure of HDL 
is, or to its ineffectiveness to gain NEFA, as NEFA develop 
a role in cytokine induction. In contrast, PLC-like activity 
of apoAI-LDL(–) would be related to another factor, prob-
ably gain of a protein as yet not identifi ed with this enzy-
matic activity. 

 In summary, the current study describes a new anti-
infl ammatory effect of HDL on LDL bioactivity. We 
found that HDL minimizes the cytokine release induced 
in monocytes by LDL(–), a nonoxidized LDL subfraction 
present in plasma. ApoAI seems to be involved at least in 
part in the counteracting effect of HDL on LDL(–) action. 
This protective effect of HDL could be mediated by 

aggregation in LDL(–). In fact, LDL(–) is prone to be ag-
gregated in vitro, but we found that HDL and apoAI inhib-
ited its susceptibility to aggregation as described for native 
LDL in the presence of HDL and apoAI ( 4 ). In the case of 
LDL(–), the decrease in susceptibility to aggregation 
would possibly not be promoted by inhibition of PLC-like 
activity but be a consequence of structural or composi-
tional changes such as NEFA decrease in the case of incu-
bation with HDL. In this respect, it has been proposed that 
apoAI could interact with exposed hydrophobic domains 
of LDL with perturbed structure and block the intermo-
lecular interactions that cause aggregation ( 4 ). However, 
HDL treatment did not change the basal aggregation level 
or the affi nity of LDL(–) to PG. Hence, HDL prevents sus-
ceptibility to aggregation of LDL(–) without diminishing 
the basal level of aggregation that would be responsible 
for its increased binding to PG. 

 Regarding apoAI, an atheroprotective role by inhibiting 
LDL oxidation and monocyte chemotactic activity has 
been described ( 6, 7, 10 ) and, moreover, it is also able to 
inhibit LPS-induced infl ammation response in cells ( 37 ). 
In our experiments, apoAI seemed to be at least in part 
responsible for the HDL effect on LDL(–) because it in-

  Fig.   4.  PLC-like activity of LDL(–), HDL and apoAI, in native state and after treatments. The proportion of apoB:apoAI used in preincu-
bation is indicated: 1 = 0.5 g apoB/L of LDL and 0.5 g apoAI/L of HDL. In the assay, 30  � g of apoB (LDL) or apoAI (HDL) were used. The 
PLC-like activity was calculated in mU activity/mg apoB or apoAI based on the maximal slope of 3 h kinetics. PLC-like activity of LDL(–) 
in native state and incubated with HDL and apoAI is shown in  A  (substrate: LPC) and B (substrate: SM). Activity of LDL(–) alone is shown 
in gray bars, preincubated with HDL in white bars, and preincubated with apoAI in striped bars. Activity of HDL and apoAI in native state 
and incubated with LDL(+) and LDL(–) is shown in  C  (LPC) and D (SM). HDL is represented in white bars and apoAI in striped bars. Data 
are the mean±SD of four experiments. Signifi cant differences with  P  = 0.068 are indicated: * versus the respective untreated condition and 
 #  versus the lower concentration of treatment. Formation of ceramide-BODIPY by degradation of fl uorescent substrate (SM-BODIPY) was 
evaluated by TLC. In the assay, 50  � g of apoB (LDL) or apoAI (HDL) were used. Representative TLC images are shown in  B  [1: LDL(–), 
2: LDL(–)-HDL (2:1), 3: LDL(–)-HDL (1:1), 4: LDL(–)-apoAI (2:1)] and D [1: ceramide-BODIPY, 2: HDL-LDL(–) (1:1), 3: HDL, 4: apoAI-
LDL(–) (1:1)].   
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