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Abstract

Background: A method to evaluate the antioxidant capacity of high-density lipoprotein (HDL) was devel-
oped and standardized. Methods: This method measure conjugated diene (CD) formation and electropho-
retic mobility of low-density lipoprotein (LDL) in agarose gels in the presence and absence of HDL. HDL 
was isolated from 1 mL of plasma within 24 hours and oxidation assays were performed within 6 hours. 
Oxidation was induced by adding CuSO4. The lag phase increase in CD kinetics and the inhibition of electro-
phoretic mobility were defined as the HDL antioxidant capacity. Results: The optimal conditions for the CD 
assay were 2.5 μM CuSO4, LDL at 0.1 g apoB/L, HDL at 0.1 g apoA-I/L, at 37ºC and for 3h 50 min. Agarose 
electrophoresis at 100 V, at 4ºC for 50 min was then performed immediately. CD formation variability was 
21.1% for inter-assay CV and 12.7% for intra-assay CV. Electrophoretic mobility was 26.5% for inter-assay 
CV and 2.4% for intra-assay CV. Correlation analysis showed a significant association between the antioxi-
dant capacity of HDL and its neutral/polar lipid ratio. Conclusions: The method herein described measures 
of the HDL antioxidant capacity in a reproducible and rapid manner that can be applied to a relatively high 
number of samples. (Int J Biomed Sci 2009; 5 (4): 402-410)
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Introduction

Oxidative stress plays a major role in the develop-
ment of atherosclerotic disease (1). Low-density lipopro-
tein (LDL) trapped in the arterial intima is oxidized by 
free radicals generated by surrounding cells, leading to 
the formation of oxidized LDL (oxLDL). This modified 
form of LDL promotes inflammatory processes involved 
in the initiation and development of atherosclerotic plaque, 
induces cholesterol accumulation in macrophages and 
causes cytotoxicity and apoptosis in arterial wall cells (1-
3). In contrast with LDL, high-density lipoprotein (HDL) 
has a clearly established antiatherogenic function that is 
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mediated by two independent mechanisms. The first of 
these is its well-known role in cholesterol reverse trans-
port, removing excess cholesterol from the arterial wall to 
the feces (4). The second mechanism depends on the inhi-
bition of the oxidative modification of LDL (5, 6). The ex-
act mechanisms by which HDL inhibits LDL oxidation are 
not well defined but several proteins transported by HDL, 
such as apolipoprotein A-I (apoA-I), paraoxonase (PON) 
and platelet-activating factor acetyl-hydrolase (PAF-AH), 
have been related to its antioxidant properties (7-9). Oth-
er physicochemical characteristics of HDL, such as lipid 
composition, size and density, are supposedly involved in 
HDL antioxidant capacity (10-12) but their exact role is 
poorly understood. Furthermore, the few methods avail-
able to evaluate these properties are not only complex, 
cumbersome and of little utility to study a large number of 
subjects, but moreover, they have not been standardized. 
The aim of the current work was to develop a reproducible 
method to measure the HDL capacity to inhibit oxidative 
modification of LDL. 

Methods

Reagents
All reagents were from Sigma-Aldrich (Sigma España, 

Madrid Spain), except for 2-thio-PAF (Cayman Chemi-
cals, Ann Arbor, MI, USA), agarose gels and electrophore-
sis reagents (Midigel, Biomidi, Toulousse, France), apoB, 
apoA-I, cholesterol and triglyceride measurement kits 
(Roche Diagnostics, Basel, Switzerland), and phosholipid 
and non-esterified fatty acids (NEFA) measurement kits 
(Wako Chemicals, Neuss, Germany). 

Blood specimens
Lipid profile, PON activity and PAF-AH distribution 

activity were determined from sera obtained in non-ad-
ditive vacutainer tubes. Lipoproteins used to measure the 
antioxidant capacity of HDL were isolated from plasma 
obtained in EDTA-containing vacutainer tubes. Correla-
tion analysis was performed in 111 plasma samples (53 
men, 58 women) consecutively received in our department 
for routine analysis. The range of plasma lipid concentra-
tions was wide and the sample included normolipemic and 
hyperlipemic subjects. Those with acute or severe diseases 
were not included. Samples were assayed for their HDL 
antioxidant capacity, and lipid and protein HDL composi-
tion was determined. The study was approved by the Eth-
ics Committee of the hospital, and volunteers gave their 
informed consent.

Lipid profile
The profile of main lipoprotein parameters in sera in-

cluded total cholesterol (Roche) and triglyceride (Roche), 
VLDL, LDL and HDL cholesterol, total NEFA (Wako), 
apoB and apoA-I (Roche) and apoA-II (Kamiya Biomedi-
cal, Seattle, WA, USA). Cholesterol of lipoprotein fractions 
was measured using a direct method to quantify HDL cho-
lesterol (HDL-C plus, Roche), according to NCEP recom-
mendations (13). Apolipoproteins were measured by im-
munoturbidimetric methods (Roche). All methods were 
adapted to a Hitachi 911 autoanalyzer.

Lipoprotein isolation
LDL (density range 1.019-1.063 g/mL) was isolated 

from a pool of plasma (180 ml) obtained from normoli-
pemic subjects by sequential ultracentrifugation using a 
preparative fixed-angle rotor (TFT 55.38, Kontron Instru-
ments, Milan, Italy). To avoid lipoperoxidation as far as 
possible, all solutions contained 1 mmol/L EDTA and 2 
μmol/L butylated hydroxytoluene (BHT), and centrifuga-
tions were made at 4ºC using rotors stored in a cold room. 
The appropriate density of plasma was obtained by add-
ing solid KBr, as described by Havel et al (14).  LDL was 
dialyzed in phosphate buffered saline (PBS) and diluted to 
1.1 g apoB/L. Then, 1 mL aliquots were frozen at -80ºC 
in presence of 10% sucrose for a maximum of 8 months. 
Final LDL concentration in aliquots was 1.0 g apoB/L.

HDL (density range 1.063-1.210 g/mL) was isolated 
from individual subjects by sequential ultracentrifugation 
with an analytical fixed-angle rotor (50.3, Beckman Coul-
ter, Fullerton, CA, USA) using 1 mL of plasma. Density 
solutions needed for isolation of lipoproteins were pre-
pared by adding different amounts of solid KBr to 100 mL 
of a solution with 200 mmol/L NaCl, 1 mmol/L EDTA 
and 2 μmol/L BHT (density 1.006 g/mL), according to the 
equation from Radding and Steinberg (15): 

gr of KBr = [volume * (initial density – final density)] / 
[1- (0.312 * final density)]

where 0.312 indicates the partial specific volume of 
KBr at 5ºC.

Plasma was adjusted to density 1.063 g/mL by adding 
205 μL of a solution of density 1.340 g/mL. After mix-
ing, 1.3 mL of a solution of density 1.063 g/mL was gen-
tly superposed and tubes were ultracentrifuged at 50,000 
rpm for 8 h at 4ºC. VLDL+LDL upper layer was discarded 
and 1 mL of the infra-natant containing HDL was then 
adjusted to density 1.210 g/mL by adding 1.11 mL of 1.340 
g/mL density solution. After mixing, 0.4 mL of 1.210 
g/mL density solution was gently superposed and tubes 
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were ultracentrifuged again at 50,000 rpm for 12 h at 4ºC 
to allow HDL to float and separate from lipoprotein defi-
cient serum. 

HDL composition, including total and free choles-
terol (Wako), triglycerides, phospholipids (Wako), NEFA, 
apoA-I, apoA-II and apoB was determined by commercial 
methods adapted to a Hitachi 911 autoanalyzer (Roche).

Dialysis of isolated HDL by gel filtration chromatography
Freshly isolated HDL was dialyzed against PBS by gel 

filtration chromatography using PD-10 Sephadex G25M 
columns (GE Healthcare, Niscayuna, NY, USA) previ-
ously equilibrated with 25 mL of cold PBS. Four hundred 
μL of HDL were applied to the column and eluted with 
PBS. The first 3.0 mL were discarded and the next 0.8 
mL (corresponding to HDL fractions) were collected. All 
steps were performed in an ice bath. These volumes dif-
fered from those recommended by the manufacturer but 
were chosen as optimal for dialysis of lipoproteins after 
several assays (see Results section). ApoA-I content in 
PBS-dialyzed HDL was measured using a commercial 
immunoturbidimetric method (Roche) in a Hitachi 911 au-
toanalyzer, and susceptibility to oxidation assay was im-
mediately performed.

Conjugated diene formation
Oxidation kinetics was monitored by continuously fol-

lowing the formation of conjugated diene, a product of lip-
id peroxidation with absorbance maximum at 234 nm (16). 
Kinetics was monitored in 96-microwell plates for UV de-
tection (Greiner, Hannover, Germany) at 234 nm for 3h 50 
min and at 37ºC, using a Synergy HT multi-detection mi-
croplate reader (Bio-Tek, Winooski, VT, USA). The assay 
was based on the ability of HDL to inhibit LDL oxidation 
(obtained from a pool of plasma) induced by CuSO4. For 
this purpose, LDL was oxidized alone or in the presence 
of HDL. In addition, HDL was also oxidized alone. Fig-
ure 1A shows typical sigmoid curves of LDL, HDL and 
HDL+LDL oxidation induced by adding 5 μmol/L CuSO4. 
LDL concentration in all assays was fixed at 0.1 g/L apoB 
(20 μL of LDL aliquots at 1.0 g/L in a final volume of 
200 μL per well). In contrast, several HDL concentrations 
(0.05, 0.1 and 0.2 g/L apoA-I) and CuSO4 (1.5, 2.5, 3.5 and 
5 μmol/L) were assayed to achieve the optimal assay con-
ditions. The volume of LDL plus HDL and CuSO4 in each 
well was adjusted to 200 μL with PBS. All measures were 
performed in duplicate. The goal was to maintain a good 
balance between the inhibitory effect of HDL and the time 
of the assay.

The main parameter was lag phase time, calculated 
from the intersection point between the maximal slope of 
the curve and initial absorbance, as shown in Figure 1B. 
The lag phase of the LDL kinetics was considered as 100% 
oxidation. To evaluate the effect of HDL, the kinetics of 
HDL alone was subtracted from the kinetics of HDL+LDL 
to obtain the curve (HDL+LDL)-HDL.  As the lag phase of 
the (HDL+LDL)-HDL curve was longer than that of LDL 
alone results were expressed as the increment of lag phase 
time versus LDL alone. 

Agarose gel electrophoresis
Immediately after the kinetics of conjugated diene 

formation were determined 4 μL of the oxidized samples 
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Figure 1. A) Representative oxidation kinetics of LDL (con-
tinuous black line), HDL (dashed line) and LDL+LDL (continu-
ous grey line). LDL and HDL (at 0.1 g/L of apoB and apoA-I, 
respectively) were oxidized in presence of 5 μmol/L CuSO4. 
Lipoproteins were previously dialyzed in PBS; B) Calculation 
of lag phase time. HDL curve was subtracted from (LDL+HDL) 
curve, and the curve corresponding to (LDL+HDL)-HDL was 
obtained. Lag phase time was calculated as shown in the fig-
ure and explained in Methods. Maximal slope was considered 
using 30 consecutive points in the propagation phase.
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corresponding to LDL alone and LDL+HDL (but not 
HDL alone) were subjected to agarose electrophoresis 
(Lipoprint, Midigel) for 50 min at 100 V in a cold room, 
using the barbital buffer provided by the manufacturer. 
A Helena cell chamber (Beaumont, TX, USA) that al-
lows two simultaneous electrophoresis was used. Fixa-
tion and staining were also performed as described by 
the manufacturer. Briefly, gels were fixed with ethanol/
acetic acid/water (60:10:30) for 10 minutes, washed with 
water for 5 minutes and dried under a stream of hot air. 
Gels were stained for 5 minutes with Sudan Black work-
ing solution (methanol/saline/Sudan Black stock solu-
tion, 8:4:0.4). Stock solution was prepared dissolving 1 
g in 20 mL of dioxane. Finally, gels were destained for 
20 min with ethanol/water 50:50 and rinsed twice with 
water. Each gel contained non-oxidized LDL, oxidized 
LDL and eight samples with the mixtures of LDL+HDL. 
Results are expressed as the inhibition of relative mobil-
ity (Rf) induced by HDL, considering Rf 0 as the point of 
sample application and Rf 100 as the mobility of oxidized 
LDL alone.

PON activity
Arylesterase activity of PON was quantified from 

EDTA-free samples using phenylacetic acid as substrate 
(17). Briefly, 2 μL of serum was incubated with 200 μL of 
assay buffer (20 mmol/L Tris-HCl, 2 mmol/L CaCl2, pH 
8.0) containing 3 mmol/L phenylacetic acid (23 μL of phen-
ylacetic acid in 50 mL of assay buffer). Phenylacetic acid 
was prepared immediately before the assay. With this buf-
fer EDTA-sensitive arylesterase activity, which is due to 
PON1, was measured. Since other EDTA-resistant aryles-
terases are present in plasma (18), specific PON1 activity 
was determined with a parallel measure using the same 
buffer containing 2 mmol/L EDTA instead of CaCl2. En-
zymatic kinetics was monitored for 10 min at 25ºC at 270 
nm (absorbance maximum of phenol, ε270=1,310 M-1 cm-1) 
in 96-multiwell plates for UV detection (Greiner). Activity 
was calculated from the equation [((Δabs/min) * final vol) / 
(1,310 * sample vol)] and expressed as μmol/min*mL.

PAF-AH activity in lipoprotein fractions
PAF-AH activity was measured using 2-thio-PAF 

(Cayman) as substrate (19), according to the manufactur-
er’s instructions. Briefly, 200 μL of 2-thio-PAF solution 
(200 μmol/L in buffer 0.1 mol/L NaCl, 1 mmol/L EGTA, 
pH 7.2) was  added to 10 μL of 5,5’-dithiobis 2-nitroben-
zoic acid (DTNB, ε405=12,800 M-1 cm-1) (10 mmol/L in 
Tris-HCl 0.4 mol/L pH 8.0) and 15 μL of sample (serum 

or precipitated serum). The reaction was monitored at 405 
nm for 15 min at 25ºC. Activity was calculated from the 
equation [((Δabs/min) * final vol) / (12,800 * sample vol)] 
and expressed as μmol/min*mL.

To determine the distribution of PAF-AH between li-
poprotein fractions, apoB-containing lipoproteins were 
precipitated from serum using dextran sulfate (average 
molecular weight 50 kDa). Two hundred μL of serum 
was mixed with different volumes (20 μL to 150 μL) 
of dextran sulfate reagent (0.1 mmol/L dextran sulfate 
containing 0.25 mmol/L MgCl2), incubated for 5 min at 
room temperature and centrifuged for 10 min at 10,000 
g. Two-hundred mL of supernatant (that contains HDL, 
but not LDL or VLDL) was immediately and carefully 
collected and assayed for PAF-AH activity. The effect 
of the triglyceride concentration on the lipoprotein pre-
cipitation was studied by assaying different triglyceride 
levels (from 0.5 to 6.7 mmol/L) and measuring apoB and 
apoA-I in the supernatant. 

Statistical analysis
The association between the antioxidant capacity of 

HDL and composition parameters was analyzed by the 
Spearman correlation coefficient using the SPSS17 statis-
tical package.
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Figure 2. Elution profile of HDL in PD-10 columns. HDL was 
dialyzed in PBS by gel filtration chromatography using PD-10 
columns. Four hundred μL of 3 different HDL samples were 
fractionated in a PD-10 column, as described in Methods. Seven 
aliquots of 200 μL were collected, as described in Methods, and 
apoA-I concentration was measured. The table shows the mg 
of apoA-I in each aliquot. The recovery of fractions 3 to 6 is 
indicated in the last column.
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Results

Lipoprotein dialysis
Figure 2 shows elution volumes for HDL during PD-10 

dialysis. By collecting fractions 3 to 6 (total volume 0.8 
mL) we recovered up to 85 % of apoA-I. Dialyzed HDL 
has a concentration of 0.3-0.6 g/L of apoA-I, depending 
on the plasma concentration in each subject, sufficient to 
perform the susceptibility to oxidation assay.

Optimal HDL and copper concentrations in conjugat-
ed diene assay

Regarding HDL concentration, Figure 3 shows that a 
molar ratio of 1:1 between LDL and HDL (expressed as 
apoB and apoA-I, respectively) was optimal to measure 
the inhibitory effect of HDL on LDL oxidizability. A high-
er HDL concentration (0.2 g apoA-I/L) inhibited LDL oxi-
dation excessively and the sigmoid curve was not formed 
in the assay time. In contrast, we found that a lower HDL 
concentration (0.05 g apoA-I/L) resulted in a poor inhibi-
tory action.

Figure 4A-D shows representative experiments with 
varying CuSO4 concentrations. When copper concentra-
tions were 1 or 2 μmol/L, a complete sigmoid curve in 
the assay time was not formed. When the copper concen-
tration used was high (5 μmol/L), the inhibitory effect of 
HDL (5-30% of lag phase increment) was lower than that 
observed using 2.5 μmol/L CuSO4.

The intra-assay variability of the assay was tested us-
ing 4 HDL preparations with different inhibitory capacity 
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(Table 1). The coefficient of variation was lower than 12.7% 
(n=10) in all HDLs. Regarding inter-assay variability, the 
coefficient of variation of 7 independent experiments was 
21.1% and 15.5%, respectively, in two samples with differ-
ent inhibitory capacity (Table 1). The relatively high inter-
assay variability makes it recommendable to assay related 
samples, such as those from the same individual before 
and after treatment, in the same batch.

To test the stability of frozen lipoproteins, 15 indepen-
dent experiments were performed with the same LDL and 
HDL preparations, stored at -80ºC with sucrose, for a pe-
riod of 8 months. The inhibition of HDL on LDL oxidiz-
ability was 95.5 ± 15.9% (expressed as the increment of 
lag phase time). The coefficient of variation was 16.7%, 
similar to that obtained in the inter-assay variability, sug-
gesting that physico-chemical properties of lipoproteins 
are stable in these storage conditions.

Agarose gel electrophoresis
The same conditions chosen for conjugated diene for-

mation assay (0.1 g/L of LDL and HDL, 2.5 μM CuSO4 
and 3h 50min) were used to evaluate the inhibition of the 
electrophoretic mobility of LDL mediated by HDL. The 
intra-assay coefficient of variation was lower than 2.5% 
(n=8, Table 2). Table 2 shows the inter-assay coefficient of 
variation of 6 independent experiments using two HDL 
with different antioxidant capacity. Figure 5 shows an 
agarose gel with LDL or LDL+HDL with different CuSO4 
concentrations.

Relation of the antioxidant capacity of HDL with its 
protein and lipid composition

In order to determine the main determinants of the an-
tioxidant capacity of HDL in the general population, plas-
ma samples from 111 subjects that arrived consecutively 
to our laboratory for routine analysis were assayed for 
their HDL antioxidant capacity, HDL composition, PON1 
activity and HDL-bound PAF-AH activity. Some HDL 
preparations from hypertriglyceridemic subjects had an 
abnormally high content of triglycerides (higher than 9% 
of lipoprotein mass) and presence of detectable apoB. This 
observation indicated possible contamination with VLDL. 
Hence, samples with detectable apoB and high triglycer-
ide content were excluded from the analysis. The results of 

Table 1. Coefficients of variation of the conjugated diene method

n Sample 
(HDL)

Mean ± SD 
(% lag phase increment) Intra-assay CV (%)

10 1 19.2 ± 2.4 12.7

10 2 64.2 ± 5.7 8.8

10 3 90.5 ± 5.0 5.6

10 4 129.4 ± 12.3 9.5

Inter-assay CV (%)

7 2 64.3 ± 13.5 21.1

7 3 83.0 ± 12.9 15.5

Mean indicates the increment of the lag phase time of LDL kinetic 
oxidation in the presence of HDL versus the absence of HDL. Four 
independent HDL samples (numbers 1 to 4) with increasing anti-
oxidant capacity were analyzed for intra-assay variability. Two of 
these HDL samples (numbers 2 and 3) were analyzed for inter-assay 
variability.

Table 2. Coefficients of variation using the 
agarose electrophoresis method

n Sample 
(HDL)

Mean ± SD 
(% Rf inhibition) Intra-assay CV (%)

8 1 19.2 ± 0.2 1.0

8 2 70.2 ± 1.7 2.4

Inter-assay CV (%)

6 1 15.3 ± 4.1 26.5

6 2 72.4 ± 3.9 5.3

Mean indicates the inhibition of the electrophoretic mobility of 
LDL kinetic oxidation in the presence of HDL versus the absence 
of HDL. Two independent HDL samples with different antioxidant 
capacity were analyzed for intra-assay and inter-assay variability.

(+)

(-)

Rf 100%

Rf 0%

(+)

(-)

Figure 5. Agarose electrophoresis of LDL alone or LDL+HDL 
(at 0.1 g/L of apoB or apoA-I, respectively) with increas-
ing amounts of CuSO4. Oxidation was performed at 37ºC 
with PBS-dialyzed lipoproteins. Lane 1: native LDL; lane 2: 
LDL+CuSO4 1 μmol/L; lane 3: LDL+CuSO4 2 μmol/L; lane 4: 
LDL+CuSO4 2.5 μmol/L; lane 5: LDL+CuSO4 5 μmol/L; lane 
6: LDL+HDL+CuSO4 1 μmol/L; lane 7: LDL+ HDL+CuSO4 2 
μmol/L; lane 8: LDL+ HDL+CuSO4 2.5 μmol/L; lane 9 and 10: 
LDL+ HDL+CuSO4 5 μmol/L. Electrophoresis was performed 
for 50 minutes at 100V, as described in Methods.
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the correlation analysis (n=96) are shown in Table 3. Both 
methods to measure the antioxidant capacity showed a sig-
nificant correlation (r=0.294, P<0.004). However, the cor-
relation with other compositional parameters of HDL was 
different. The inhibition of electrophoretic mobility only 
showed positive correlation with NEFA in HDL (Table 3). 
This indicates that a high NEFA concentration could dis-
turb results obtained by agarose electrophoresis.

Regarding the increase of lag phase, free cholesterol 
content in HDL was positively associated with the pro-
tective action of HDL whereas apo-AI content showed a 
mild negative correlation with such an increase (Table 3). 
The neutral/polar lipids and core/surface ratios present-
ed strong positive correlations with the increment of lag 
phase time. Taken together these results indicate that the 
higher the neutral lipids content and the core material are 
the higher antioxidant capacity of HDL. 

Discussion

Several methods have been described for the ultra-
rapid isolation of lipoprotein fractions. The combination 
of density gradient ultracentrifugation with vertical or 

near-vertical rotors separates lipoproteins very quickly 
but isolated lipoprotein fractions are not sufficiently pure 
for experiments to evaluate the antioxidant properties of 
HDL (20). Fixed-angle rotors and sequential ultracentrifu-
gation have the advantage of fewer contaminating proteins 
in isolated lipoprotein fractions (20). Several methods to 
isolate lipoproteins by sequential ultracentrifugation in 
only 6-8 hours have been described (21) but the use of 
very high centrifuge forces (higher than 500,000 g) could 
result in partial loss of proteins responsible for the qualita-
tive properties of lipoproteins, such as LCAT, PAF-AH or 
PON. We chose to use a lower centrifugal force (200,000 
g) and two sequential separations that permitted isolation 
of VLDL+LDL on the first working day in a first step, 
and isolation of HDL overnight, in a second step. A criti-
cal step for the oxidation assay is the elimination of KBr, 
EDTA, BHT and other antioxidant components present in 
buffers and density solutions. Most authors use extensive 
dialysis for more than 24 h at 4ºC. However, this could 
initiate oxidation of lipoproteins before the assay is per-
formed. To avoid this possibility, in the present study we 
used gel filtration chromatography in PD10 columns. 

One major drawback of several assays that measure ab-
sorbance at 234 nm is that the contribution of HDL lipids 
to conjugated diene kinetics is not taken into account (12, 
22). Lipids in HDL oxidize simultaneously with lipids in 
LDL. Hence, the HDL kinetic curve must be subtracted 
from LDL+HDL kinetics. The optimal conditions for the 
CD assay were 2.5 μM CuSO4, LDL at 0.1 g apoB/L, HDL 
at 0.1 g apoA-I/L, at 37ºC and for 3h 50 min. In keep-
ing with our findings, LDL/HDL ratios of 1:2 (expressed 
as total protein) have been reported to increase lag phase 
by approximately 300% (23). In contrast, lower HDL con-
centration (0.05 g apoA-I/L) resulted in a poor inhibitory 
action. Further in the favor of a molar ratio of 1:1 between 
LDL and HDL is that it is similar to the ratio usually pres-
ent in plasma, and represents an experimental condition 
closer to the physiologic environment. Regarding CuSO4 
concentration, previous studies reported poor protective 
action of HDL when the oxidative stimulus is strong (12). 
Thus, 2.5 μmol/L CuSO4 was chosen as the optimal con-
centration. The stability of frozen lipoproteins, stored at 
–80ºC with sucrose, was good up to 8 months. It has been 
previously reported that freezing with sucrose preserves 
most physico-chemical properties of lipoproteins (24). 

The results of the correlation analysis indicated that a 
high NEFA concentration could disturb results obtained by 
agarose electrophoresis. The disturbing effect is probably 
due to the high electronegative charge that NEFA confers 

Table 3. Spearman correlation coefficients between the antioxidant 
capacity of HDL and parameters of HDL composition (n=96)

% of lag phase 
increment

% of Rf 
inhibition

R P R P

Esterified cholesterol (%) 0.198 0.053 -0,195 0.055

Free cholesterol (%) 0.239 0.019d -0.118 0.248

Triglyceride (%) 0.152 0.140 0.154 0.133

Phospholipid (%) -0.021 0.428 0.165 0.106

NEFA (mol/mol apoA-I) 0.146 0.157 0.301 0.003d

apoA-I (%) -0,201 0.050d -0.126 0.220

apoA-II (%) -0.035 0.734 0.013 0.902

PON1 (plasma activity) -0.058 0.577 0.108 0.297

PAF-AH (HDL activity) 0.097 0.349 -0.023 0.822

Neutral lipids/polar lipidsa 0.314 0.002d -0.166 0.105

Core/surfaceb 0.366 <0.001d -0.135 0.189

Lipid/proteinc 0.150 0.144 0.086 0.403
aRatio triglycerides+esterified cholesterol/phospholipids+free cho-
lesterol; bRatio triglycerides + esterified cholesterol/phospholipids 
+ free cholesterol+apoA-I+apoA-II; cRatio triglycerides+cholestero
l+phospholipids/apoA-I+apoA-II; dStatistically significant associa-
tions.
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to lipoproteins, modifying their electrophoretic behavior. 
The conjugated diene method should therefore be used 
when a high NEFA concentration is suspected, such as in 
poorly controlled diabetic patients, obese subjects, or in 
postprandial samples. 

Regarding the increase of lag phase, our results indicate 
that the higher the neutral lipids content and the core mate-
rial are the higher antioxidant capacity of HDL. Accord-
ingly, HDL with higher lipid content had enhanced ability 
to lengthen the oxidation kinetics of LDL. These results 
are in contrast with previous reports that small dense HDL 
is more protective than large buoyant HDL (12, 22). This 
difference could be attributed to the fact that we equaled 
HDL by its apoA-I content whereas those authors equaled 
HDL by its cholesterol content. The number of cholesterol 
molecules per HDL particle (free and esterified) varies 
from 200-250 in HDL2 to 50-160 in HDL3 (25). Since the 
cholesterol content is much lower in small HDL than in 
large HDL, more HDL particles per LDL particle are add-
ed to the assay mixture when small HDL is used. 

In our opinion, the right way to equal HDL concentra-
tion would be the number of particles in the assay tube. 
However, at the present day the only method is NMR but 
this is not available for most laboratories. Thus, apoA-I 
concentration gives a more accurate measure of the num-
ber of HDL particles than cholesterol since cholesterol is 
the most variable lipid in HDL due to its role in reverse 
cholesterol transport. On the other hand, free cholester-
ol was positively associated with the increase of the lag 
phase, in agreement with reports showing that high free 
cholesterol content increases the resistance to oxidation of 
lipoproteins (26) and that free cholesterol is increased in 
large HDL particles (25).

Further discussion is needed concerning the lack of 
statistical correlation of PON1 and PAF-AH activities with 
the HDL antioxidant capacity. The antioxidant properties 
mediated by the peroxidase activity of PON1 are well-es-
tablished (5, 7, 12, 24) but recent findings have raised some 
doubts regarding the relative contribution of this enzyme 
to the antioxidant capacity of HDL. PON1 is a calcium-de-
pendent enzyme and EDTA abolishes its antioxidant abil-
ity. Kontush et al reported that PON1 activity measured in 
EDTA-plasma samples dramatically decreased to 0.1-5% 
compared with serum samples, but the antioxidant capac-
ity of HDL was similar in both types of sample (12). De-
spite this observation, these authors reported an associa-
tion between PON1 activity and HDL antioxidant capacity 
(12, 24). However, other authors have not found this as-
sociation (27, 28) and evidence for a PON-independent in-

hibition of LDL oxidation by HDL has been reported (28). 
Our results suggest that the lack of correlation between 
PON1, measured in serum, and the antioxidant capacity of 
HDL, isolated from EDTA-plasma, could be related with 
the inactivation of PON1 in isolated HDL. 

Regarding PAF-AH activity, this enzyme hydrolyzes 
oxidized fractionated phospholipids (also named PAF-like 
phospholipids) to form lysophosphatidylcholine and oxi-
dized short-chain fatty acids (29). Thus, PAF-AH plays a 
major role in the inhibition of the high inflammatory po-
tential of PAF-like phospholipids (30). However, it is not 
clear whether PAF-AH plays a direct role in the inhibition 
of LDL oxidation. Even though PAF-AH could hydrolyze 
oxidized phospholipids formed throughout the oxidative 
process, oxidized short-chain fatty acids remain in the 
LDL+HDL mixture.  It should be taken into account that 
human PAF-AH is also present in LDL (8, 19, 30).

In summary, the method herein described measures 
of the HDL antioxidant capacity in a reproducible and 
relatively rapid manner. This standardized method can be 
applied to a relatively high number of samples. HDL is 
isolated in 24 h and oxidation analysis can be performed 
in one working day. Agarose electrophoresis is not rec-
ommended, however, due to the possible interference of a 
high plasma NEFA concentration. Our results suggest that 
the main determinant of the antioxidant capacity of HDL 
is its content in neutral lipids.
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