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The susceptibility of low density lipoprotein (LLDL) to oxidative modification can be determined by analyz-
ing the lag phase for initiation of diene formation in isolated LDL exposed to Cu?*. However, the
applicability of this assay for clinical studies is limited by the requirement of a preparative ultracentrifuga-
tion of LDL and that the influence of water soluble antioxidants and other lipoproteins is not accounted
for. The present paper describes a modification of this assay allowing determination of lag phase for
lipoprotein diene formation in serum. The formation of dienes in serum exposed to Cu®* begins follow-
ing the consumption of serum a-tocopherol, correlates to the formation of thiobarbituric acid reactive
substances (r = 0.987, n = 8), is inhibited by the addition of ascorbic acid and is absent in lipoprotein-
deficient serum. It is also accompanied by an increased mobility of serum lipoproteins on agarose gel elec-
trophoresis and with an ability of serum to displace isolated copper-oxidized LDL from binding sites
mediating degradation in mouse peritoneal macrophages. The coefficient of variance of the analysis is
below 3%. It is concluded that this technique allows analysis of lipoprotein oxidation susceptibility in
serum samples and may prove to be useful in clinical analysis of the lipoprotein oxidation susceptibility.
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Abbreviations: BHT, butylated hydroxytoluene; EDTA, ethylenediaminetetraacetic acid; HDL, high
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INTRODUCTION

Lipid peroxidation is initiated by a free radical attack on fatty acid double bonds.
Conjugated dienes are formed which absorb ultraviolet light in the wavelenght range
230-235 nm. Many of these are then further converted into lipid hydroperoxides and
other reactive molecules such as aldehydes.' The growing body of evidence impli-
cating lipid peroxidation as a pathogenic factor in several types of human diseases
has made it important to develop methods allowing quantification of lipid oxidation.
However, the short half-life, extreme reactivity and low basal concentrations of lipid
peroxides has made this a difficult task. One approach has been to analyze oxidation
end products, such as aldehydes by their thiobarbituric acid reactivity (TBAR), but
the applicability of this method has been questioned since oxidation of lipids is
believed to take place in tissues rather than in the circulation. Another approach
has been to analyze oxidation susceptibility by determining the lag phase for diene
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formation in low density lipoprotein (LDL) exposed to Cu®* in vitro. This method
was originally developed by Esterbauer and coworkers who showed that dienes form
as LDL become antioxidant depleted?. However, this method has some weaknesses.
It does not account for the water soluble antioxidants in serum and requires isolation
of LDL by preparative ultracentrifugation. To overcome these problems we have
investigated the possibility of monitoring lipoprotein diene formation directly in
serum.

MATERIALS AND METHODS

Materials

Medium Ham’s F-10, fetal calf serum (FCS), penicillin (10,000 U/ml) and strep-
tomycin (10 mg/ml) were purchased from Gibco (Glasgow, Scotland); disposable
tissue culture dishes from Costar (Cambridge, MA); filters from Millipore (Bedford,
MA). Female NMRI mice (average weight 25 g) were obtained from Alab (Sollen-
tuna, Sweden). Sodium ['®]] iodide, carrier free, was purchased from Amersham
(U.K.). All other reagents were analytical grade obtained from Merck or Sigma.

Determination of the Susceptibility of Serum and LDL to Oxidation

Venous blood taken after a 12 h fast was drawn into vacutainer tubes, left for 30 min
in darkness at room temperature and then centrifuged at 1400g for 20 min in
darkness at room temperature. When not used immediately after preparation, serum
was stored under nitrogen at 4°C in darkness. Heparin plasma was obtained by col-
lecting venous blood into Sml vacutainer tubes containing 143 U.S.P. units of
sodium heparin and 20 mg of sodium fluoride. Citrate plasma was prepared by col-
lecting venous blood into 4.5 ml vacutainer tubes containing 0.5 mi of 0.129 M buf-
fered sodium citrate. The plasma was centrifuged immediately after collection and
stored as described above.

Serum and plasma were diluted to a final concentration of 0.67% (v/v) in 0.02 M
phosphate buffer pH 7.4/0.16 M NaCl prewarmed to 30°C and oxidation initiated
by the addition of a freshly prepared aqueous CuSQ, solution with a final concen-
tration of 50 uM. The formation of dienes was followed by monitoring the change
in the 234 nm absorbance at 30°C on a Beckman DU 60 spectrophotometer equipped
with a six-position automatic sample changer. The initial absorbance at 234 nm was
regarded as baseline and the change in absorbance was recorded every 5 min for 4 h.

Lipoprotein-deficient serum was prepared by standard procedure at d. = 1.21 kg/!
and dialyzed against 0.9% NaCl.> Very low density lipoprotein (VLDL),
intermediate density lipoprotein (IDL), LDL and high density lipoprotein
(HDL) + d. > 1.21 kg/1 fractions were prepared by ultracentrifugation in a density
gradient® without the presence of antioxidants or ethylenediaminetetraacetic acid
(EDTA). In short, serum was adjusted to a density of 1.10 kg/1 by addition of NaCl.
A density gradient was formed by first adding 4 ml of 1.10 kg/1 density serum, then
3 ml bands of 1.065, 1.020 and 1.006 kg/1 NaCl solutions were layered carefully on
top in cellulose nitrate tubes (Ultraclear tubes, Beckman) and centrifuged (Beckman
SW 40 Ti) at 202.000 g at 1°C for 16 h. The VLDL fraction was isolated from the
top 0.5ml, IDL from the next 2.5ml, LDL from the next 4ml and
HDL + d. > 1.21 kg/I fraction from the remaining 6 ml of the tube.
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Determination of the susceptibility of LDL to in vitro oxidation was performed
essentially according to Esterbauer ef al.? and described in detail earlier.’ Total pro-
tein was determined using the Lowry technique.®

To study the effect of oxidation on the electrophoretic mobility of serum lipopro-
teins, serum was diluted to a final concentration of 2% in 0.02 M phosphate buffer
pH 7.4/0.16 M NaCl and incubated with 50 uM CuSO, at 30°C for up to 4 h with
or without the addition of 20 uM butylated hydroxytoluene (BHT). The incubation
was terminated by addition of 20 uM BHT and the samples were put on ice in
darkness. Serum lipoproteins were isolated and concentrated by preparative ultracen-
trifugation at d. = 1.006 kg/1, recovering the VLDL in the top fraction and LDL and
HDL in the bottom fraction.” From a volume of 15 ml diluted serum the VLDL
fraction was recovered in 2.5 ml and the LDL + HDL bottom fraction in 2.0 ml.
Electrophoresis in agarose gel was performed according to Noble.® The elec-
trophoretic mobility of the lipoprotein density peaks from the application well was
determined by densitometric scanning (Ultrascan XL, LKB, Bromma, Sweden) and
expressed as the relative mobility (Rf) of the a-lipoprotein band (HDL) of the control
serum applied to each gel.

The extent of lipid peroxidation in serum diluted to a final concentration of 0.67%
and exposed to copper was also measured in terms of thiobarbituric acid reactive
substances and expressed as malondialdehyde equivalents, as described by Yagi.’

Determination of a-Tocopherol

The analysis of a-tocopherol was performed essentially as described previously.'*"

Briefly, 200 ul of ethanol was added to 50 ul of sample, vortexed for 5 sec and then
mixed with 200 1 of hexane. Following phase separation 100 ul of the upper hexane
layer was transported to a small glass container and evaporated to dryness under
nitrogen. The dried material was dissolved in 50 ul methanol and 10 ul was used for
analysis. a-Tocopherol was separated and analyzed by HPLC with electrochemical
detection.'® The column used was a CT-sil (250 X 4.6 mm) packed with ODS (C;)
5 um and the mobile phase was ethanol/methanol/isopropanol 66.5/30.0/3.5 (v/v)
with 30 mM lithium perchlorate. The flow rate was 1 ml/min. The electrochemical
detector was from Antec Instrument, Leiden, The Netherlands working in the
oxidative mode (+0.7V) versus a Ag/Ag Cl, reference electrode.

Preparation of Radiolabelled LDL

Iodination of LDL was performed essentially as described by McFarlane'>. The
31 LDL was dialyzed extensively against 0.15 M NaCl/1 mM EDTA, pH 7.4 over-
night, filtered through a 0.45 um filter and stored at 4°C. The specific activity of the
preparations ranged from 400-600 cpm/ng protein. More than 95% of the activity
was trichloroacetic-acid precipitable. 200 ug of '“I-LDL was dialyzed against
0.15 M NacCl without EDTA and then incubated in 1 ml of medium Ham’s F-10 with
the addition of 50 ug/ml penicillin, 50 U/ml streptomycin and 5.0 uM CuSO, for
18 h at 37°C. The oxidatively modified '®I-LDL showed increased electrophoretic
mobility on agarose gel and contained 10-30 times more thiobarbituric acid reactive
material than native '*I-LDL.
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Degradation of '*I-LDL in Macrophages

Resident peritoneal macrophages were harvested from the peritoneal cavity of female
NMRI mice'? and seeded out in 12 multiwell plates in Ham’s F-10 medium sup-
plemented with 10% fetal calf serum (FCS), 50 pg/ml penicillin and 50 U/ml strep-
tomycin. After 24 h the cultures were washed once with Ham’s F-10 medium and
incubated in 1.0m! Ham’s F-10 with the addition of 10 ug/ml of '*I-LDL or
12].oxidatively modified LDL for 5 h at 37°C. The degradation process was arrested
by cooling the cells to 4°C. The medium was removed and mixed with 100 ul of bovine
serum albumin (10 mg/ml) and 200 ul of 50% trichloroacetic acid. The precipitated
protein was removed by centrifugation for 10 min at 2000 g. 0.5 ml of 5% AgNO,
was then added to 1 ml of the supenatant to precipitate free iodide. After centrifuga-
tion at 2000 g for 10 min, the trichloroacetic acid-soluble '*I in the supenatant was
determined in an LKB gamma counter. The cells were lyzed through incubation with
0.25 M NAOH and the protein content determined according to Lowry.

In order to study the effect of oxidation of serum on the uptake of oxidized LDL
through the scavenger receptor, serum was diluted in medium Ham’s F-10 sup-
plemented with 50 ug/ml penicillin and 50 U/ml streptomycin to a final concentra-
tion of 4 % and incubated for 14 h at 37°C with the addition of 5 uM CuSO,. The
incubation was ended by the addition of 0.05% EDTA. As control, serum was
prepared as described above with the addition of 0.05% EDTA immediately before
the degradation experiment. The LDL band in oxidatively modified serum, but not
in control serum, showed increased electrophoretic mobility on agarose gel. 10 ug/ml
of 'Pl-oxidatively modified LDL was incubated in 950 ui oxidatively modified or
control serum as described above.

Statistical Analysis

Conventional methods were used for calculation of means, standard deviations and
Pearson correlation coefficient. Differences in continuous variables between two
groups were tested by Student’s paired t-test.

RESULTS

Different serum and Cu’* concentrations were tested to identify optimal conditions
for analysis of diene formation in serum. Dilution of serum was necessary when using
the assay since serum concentrations above approximately 3% had an absorbance at
234 nm outside the range of the spectrophotometer. At Cu®* concentrations of
10 uM and below diene formation was not consistent, whereas at concentrations
above 100 uM the serum became opalescent. Thus, a concentration of 50 uM was
chosen. The variation in absorbance at 234 nm was found to increase with increasing
serum concentrations, but was almost negligible at concentrations below 1%. In
experiments using a constant Cu** concentration of 50 uM and a serum concentra-
tions ranging from 0.25-1%, the peak of diene formation increased in relation to the
serum concentration. A serum concentration of 0.67% was found to provide the
most reliable and reproducible results. Figure 1 shows the spectral changes occurring
in serum following addition of Cu?* with an absorbance maximum evolving at
234nm. Exposure of lipoprotein-deficient serum to Cu’* did not result in an
increased absorbance at 234 nm. The increase in absorbance at 234 nm in serum
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FIGURE 1 Change in the UV spectrum during oxidation of serum. Serum was diluted in 0.02 M
phosphate buffer pH 7.4/0.16 M NaCl to a final concentration of 0.67% and exposed to 50 uM CuSO,
to initiate oxidation. The initial absorbance after the addition of CuSO, was regarded as reference and
subtracted. The UV spectrum was measured at 47, 62, 82, 95, 118 and 180 min (from bottom to top).

exposed to Cu?* was closely related to the formation of TBAR (r = 0.987,n = 8,
Figure 2). No increase in the TBAR was observed in lipoprotein-deficient serum or
serum supplemented with 20 uM BHT when exposed to CU**. To determine the
oxidation susceptibility of serum lipoproteins following the addition of Cu®*, the
initial absorbance at 234 nm was set to zero and the absorbance was recorded every
Smin during 4 h (Figure 3). As has been described for LDL? the kinetics of the
diene formation could be divided into three phases, a lag phase, a propagation phase
and a decomposition phase. During the lag phase serum «a-tocopherol was consumed
in a time-dependent manner (Figure 4). Supplementation of serum with ascorbic acid
was shown to prolong the lag phase in a concentration dependent manner (Figure 5).
Since the transition from lag phase to propagation phase was continuous, lag phase
was defined as the intercept of the tangent of the slope of the absorbance curve in
propagation phase with the baseline and expressed in min. The lag phase was not
affected by dilution in the concentration range 0.25-1%. To study the variance of
the lag phase determination, six separate analyses of the lag phase were performed
on one serum sample. The mean (SD) value was 138.7 (3.7) min and the coefficient
of variance 2.7%. Repeated analysis at 30 min intervals during the first 2 h following
the preparation of a serum sample demonstrated that the lag phase for diene forma-
tion was stable during this period (coefficient of variance 2.1%). Comparison of
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FIGURE 2 Relation between the amount of malondialdehyde (MDA) equivalents formed and increase
in absorbance at 234 nm in one serum sample during CuSO4-induced oxidation. Experimental conditions
were the same as described in Figure 1. The initial absorbance at 234 nm was set to zero.
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FIGURE 3 The absorbance at 234 nm during oxidation of serum. Serum was diluted in 0.02 M
phosphate buffer pH 7.4/0.16 M NacCl to a final concentration of 0.67% and exposed to 50 uM CuSO,
in triplicate samples ( ® ). The diluted serum preparation was supplemented with 20uM BHT (#) or 0.05%
EDTA (A) prior to the addition of 50 uM CuSO., Lipoprotein-deficient serum was diluted as described
above and supplemented with 50 uM CuSO, ({1). The initial absorbance was set to zero. Bars indicate the
SD.
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FIGURE 4 Time-course of the consumption of a-tocopherol (C) and the increase in absorbance at
234 nm ( @) during serum oxidation. Experimental conditions were the same as described in Figure 1. The
initial absorbance was set to zero.
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FIGURE 5 The absorbance curve at 234 nm during serum oxidation with the addition of increasing con-
centrations of ascorbic acid (O = 0uM, ® = 5uM, A =10, uM, A = 20 uM, ¢ = 30 uM). Experi-
mental conditions were the same as described in Figure 1 and the ascorbic acid was added to the diluted
serum. The initial absorbance was set to zero.

analysis of serum lag phase performed immediately following blood sampling and
after storing the serum samples for 4 days at 4°C at darkness under nitrogen
demonstrated a high reproducibility (r = 0.996, p <0.0001, n = 6) and the mean lag
phase did not change significantly (124.2 + 35.2 versus 125.5 + 36.4 min,
p = 0.415). To study the effect of freezing on the serum lag phase, analysis was per-
formed immediately following preparation and after one week of storage at —80°C.
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There was a correlation between the two determinations (r = 0.914, p < 0.011,
n = 6), but freezing was found to result in a significantly prolonged lag phase
(59.7 = 9.2 versus 118.36.3 + 36.3 min, p = 0.0002).

The lag phase analyses were performed in serum rather than in plasma in order to
avoid a possible influence of substances such as EDTA, heparin and citrate which
are required for plasma preparation. However, analysis of lag phase in serum,
heparin plasma and citrate plasma obtained from 8 healthy controls revealed
a significant relation between the lag phase of serum and heparin plasma
(r = 0.976, p = 0.0001), whereas there was no relation between serum and citrate
plasma or between citrate and heparin plasma. Heparin plasma was found to have
a significantly longer lag phase compared with serum (111.6 + 21.2 versus
100.0 + 23.6 min, p = 0.0005), whereas citrate plasma had a significantly shorter lag
phase compared with serum (42.9 + 13.4 min, p = 0.004)

VLDL, LDL and HDL isolated from oxidized serum by preparative ultracentri-
fugationatd. = 1.006 kg/1 showed an increase in electrophoretic mobility on agarose
gel. The increase in mobility of the pre-3-lipoprotein (VLDL) and B-lipoprotein
(LDL) bands was inhibited by the addition of the antioxidant BHT to the serum
before the initiation of oxidation, whereas the increase in mobility of the
a-lipoprotein (HDL) band was unaffected by the addition of BHT (Figure 6). The
relative electrophoretic mobility (Rf) of the lipoprotein density peak at 0, 1, 2, 3, 4h
and at 4 h with the addition of BHT was for pre-3-lipoprotein (VLLDL); 0.60, 0.59,
0.59, 0.65, 0.75 and 0.60, B-lipoprotein (LDL); 0.24, 0.26, 0.27, 0.67, 0.80 and 0.28
and «-lipoprotein (HDL); 0.93, 0.95, 0.97, 1.01, 1.02 and 1.02.

In competition degradation experiments, Cu?* oxidized serum was found to
effectively compete the degradation of oxidized '*1-LDL, whereas control serum
lacked effect in this respect (Table 1).

To study the significance of different lipoprotein fractions on the susceptibility of
serum to oxidation, VLDL, IDL, LDL and HDL + d. > 1.21 kg/1 fractions were
prepared by ultracentrifugation in a density gradient without the presence of antiox-
idants or EDTA. Serum was reconstituted without prior dialysis by adding the
lipoprotein fractions to the HDL + d. > 1.21 fraction, (all diluted to a final concen-
tration of 2% in 0.02 M phosphate buffer pH 7.4/0.16 M NaCl prewarmed to 30°C)
and oxidation initiated by the addition of a freshly prepared aqueous CuSO, solu-
tion with a final concentration of 50 uM. Table 2 shows the lag phase for formation
of dienes of control serum, reconstituted serum and different combinations of the
HDL + d. > 1.21 fraction and the other lipoprotein fractions. The fully reconsti-
tuted serum had a shorter lag phase than the control serum indicating that the gra-
dient ultracentifugation without the presence of antioxidants and EDTA or the
presence of NaCl affected the susceptibility to oxidation. Only the addition of the
LDL fraction to the HDL + d. > 1.21 kg/I fraction with or without the presence of
the VLDL and IDL fractions resulted in a shorter lag phase, indicating an important
role of LDL in determining the lag phase of serum.

In order to study the relation between serum and LDL susceptibility to oxidation,
serum and LDL were prepared from 6 healthy individuals. Determination of lag
phase for diene formation in serum was performed immediately after preparation,
and lag phase of LDL was determined two days later following isolation and dialysis.
No correlation was found between serum and LDL susceptibility to oxidation
(r =0.08, p = 0.88).
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FIGURE 6 Agarose gel lipoprotein electrophoresis of the top (VLDL) and bottom (LDL + HDL) frac-
tions obtained after ultracentrifugation of serum at d. = 1.006 kg/l. Serum was diluted in 0.02M
phosphate buffer pH 7.4/0.16 M NaCl to a final concentration of 2% and incubated with 50 uM CuSO,
at 30°C for up to 4 h with or without the addition of 20 xM BHT. The incubation was terminated by addi-
tion of 20 uM BHT. C denotes a fresh, unincubated control serum where the -lipoprotein (LDL), pre-3-
lipoprotein (VLDL) and a-lipoprotein (HDL) bands have been indicated by arrows. 20 ul of sample was
applied to each well.
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TABLE |
Effect of oxidized and control serum on macrophage degradation of oxidized LDL

native LDL oxidized LDL oxidized LDL + oxidized LDL +
oxidized serum control serum

Macrophage degradation 190.5 + 24.8 1173.3 + 14.8 332.1 +£ 25.5 1140.2 + 144
(ng/mg cell protein)

Cultured resident mouse peritoneal macrophages were incubated with '*I-labelled native and oxidized
LDL (10 ug/ml). Oxidized LDL was also incubated with the addition of 950 ul oxidized or control serum
diluted to 4% in medium Ham’s F-10. Degradation was determined by analyzing the radioactive, non-
protein degradation products in the culture medium after 5 h at 37°C. Each value is a mean + SD of
triplicate incubations from one experiment.

TABLE 2
Lag phase for formation of dienes in control and different combinations of reconstituted serum

lag phase (min)

control serum 119.0
d. > 1.21 kg/1 + HDL 116.3
d. > 1.21 kg/l + HDL + VLDL 129.2
d. > 1.21 kg/1 + HDL + VLDL + IDL 118.1
d. > 1.21 kg/1 + HDL + VLDL + IDL + LDL 77.8
d. > 1.21kg/1 + HDL + LDL 77.3

VLDL, IDL, LDL, and d. > 1.21 kg/1 + HDL fractions were prepared by ultracentrifugation in a den-
sity gradient without the addition of antioxidants or EDTA. Serum was reconstituted without prior
dialysis by adding the lipoprotein fractions to the HDL + d. > 1.21 kg/1 fraction to a final concentration
of 2% and oxidation was initiated by the addition of CuSO, with a final concentration of 50 uM. Lag
phase determination on control serum was performed immediately after preparation.

DISCUSSION

Several methods, among them analysis of TBAR and cholesterol oxides, have been
applied in order to detect the presence of lipid oxidation products in plasma and
LDL. Because of the low basal values of lipid peroxides in plasma, sample purifica-
tion has been required. Using these techniques increased plasma and LDL lipid
peroxidation has been demonstrated in patients with cardiovascular disease,'*'*
diabetes mellitus'® and hypertension."

Another approach recently applied by several groups is to analyze oxidation
susceptibility by determining lag phase for diene formation in LDL exposed to
Cu?* 2 or the formation of oxidation products in plasma after exposure to Cu®* or
hydrogen peroxide.'”® The disadvantages of the former technique include the
requirement for isolation of LDL by preparative ultracentrifugation and the failure
to account for the pro- and antioxidant factors in plasma such as water soluble
antioxidants and other lipoproteins, whereas the latter requires multiple analyses.
The method described in the present paper allows the direct determination of the
lipoprotein susceptibility to oxidation by continuous monitoring of diene formation
in serum exposed to Cu®*. The increase in absorbance at 234 nm in serum after
exposure to Cu’* was found to be dependent on the presence of lipoproteins since
no increase ocurred in lipoprotein-deficient serum. However an influence of secon-
dary oxidation of other substances in serum can not be excluded. The increase in
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absorbance at 234 nm occurred after the consumption of the main part of
a-tocopherol and was strongly related to the serum level of TBARS. The present
method has several advantages. It only requires dilution of freshly prepared serum
and the addition of Cu** before spectrophotometric analysis, it requires very small
sample volumes (13 ul) and allows a precise determination of the individual suscep-
tibility to oxidation with a small intra- and inter-assay variation. It is however possi-
ble that lipoprotein lipid peroxidation occurs mainly in the subendothelial space and
that measurement of the oxidation susceptibility of serum is of little physiological
relevance. Furthermore, it cannot be excluded that the relative antioxidant capacities
are distorted due to dilution of serum. Clearly, the value and applicability of this
assay requires examination in clinical trials.

Although lag phase determinations of different combinations of reconstituted
serum indicated that the LDL fraction increased the susceptibility of serum to oxida-
tion, no relation was found between the oxidation susceptibility of serum and LDL
isolated from this serum in six healthy controls. This difference may be due to the
influence of water soluble antioxidants such as ascorbate, urate, protein sulfhydryl
groups, albumin, albumin-bound bilirubin and to the plasma proteins transferrin and
ceruloplasmin which also are considered as antioxidants due to their ability to
sequester transition metals'® or to the presence of other lipoproteins.

Lipid peroxidation has been suggested as a pathogenic factor in several human
diseases, including atherosclerosis. Oxidation of LDL initiates a series of events
leading to enhanced uptake by the scavenger receptor in macrophages and subse-
quent foam cell formation.”® The role of lipid oxidation for development of
atherosclerosis has been demonstrated in animal studies,?"-?? and by using immuno-
logical and biochemical techniques the presence of oxidatively modified LDL has
been identified in atherosclerotic lesions.? Several recent clinical studies have
indicated that LDL oxidation plays an important role in coronary heart and
peripheral artery disease. Low levels of the antioxidant «-tocopherol (vitamin E)
have been found in patients suffering from angina pectoris,* and an increased
susceptibility of LDL to oxidative modification is associated with a proneness to
developing premature coronary atherosclerosis.’

The assay described here represents a simple and reproducible method to estimate
serum lipoprotein oxidation susceptibility which should be possible to apply in large
clinical studies.
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