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Abstract. Oxidative modification of human low-density lipoprotein (LDL) is believed to
play an important role in atherogenesis. Vitamin C (ascorbate) and urate are major
water-soluble plasma antioxidants in humans. Urate levels (300-395 pM) in human
serum are considerably higher than ascorbate levels (30-50 pM). In this study, we
compared the ability of urate to protect human LDL from in vitro oxidation with that of
ascorbate. LDL was subjected to in vitro oxidation at 30°C with an O, saturated solu-
tion (0.15 M NaCl/0.25 mM EDTA) and 15 mM of a thermally labile water soluble azo-
initiator (ABAP or azobis-2-amidinopropane HCI). In parallel experiments, 50 pM
ascorbate or 50 pM urate were present in the oxidation buffer. The consumption of
a-tocopherol, y-tocopherol, urate or ascorbate and the formation of lipid hydroperox-
ides were measured as a function of time in the in vitro oxidation system. The rate of
lipid hydroperoxide formation was found to be significantly increased after the LDL
tocopherols (a-plus y-tocopherol) were totally consumed, i.e., after the lag phase.
Urate (50 pM) was more effective than ascorbate (50 pM) in extending the lag phase.
Moreover, urate was consumed more slowly than ascorbate under identical oxidation
conditions. Urate was not, however, as effective as ascorbate in preventing the for-
mation of lipid hydroperoxides before the lag phase. An empirical mathematical model
was also developed to describe the oxidation kinetics of LDL «- and y-tocopherol in
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Increasing evidence suggests that oxidative dam-
age to human low-density lipoprotein (LDL) is a
key factor in the etiology of atherosclerosis (1-5).
LDL incubated with cultured cell types normally
found in the artery (e.g., endothelial cells, smooth
muscle cells, and macrophages) can be oxidatively
modified (6). Oxidatively modified LDL (OM-LDL) is
chemotactic for monocytes/macrophages (7) and cyto-
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toxic for cultured endothelial cells (8, 9). OM-LDL is
rapidly taken up by the nonregulated acetyl-LLDL re-
ceptor (10, 11) on macrophages converting these cells
into ‘‘foam cells’’ containing large amounts of cho-
lesteryl ester derived from OM-LDL. Foam cells are
characteristic of early atherosclerotic lesions. Recent
studies suggest that OM-LDL is present in normal hu-
man plasma, in plasma from hyperlipidemic rabbits (2,
3), and in atheromas from hyperlipidemic rabbits (12).

Plasma contains chemical antioxidants and enzy-
matic antioxidants that can inhibit in vivo oxidation of
LDL (13, 14). These plasma antioxidants, as well as
antioxidant drugs, might retard the formation of ath-
erosclerotic lesions. Probucol, an antioxidant drug,
has been shown to be effective in protecting LDL from
in vitro oxidation and inhibiting the progression of ath-
erosclerosis in a rabbit model (15-17). Vitamin E (o-
tocopherol and y-tocopherol) is carried by lipoproteins
and is the major lipid soluble antioxidant. Jesup et al.
have shown that all the endogenous a-tocopherol in
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LDL must be oxidized before the LDL is converted
into a form of OM-LDL capable of rapid uptake by
macrophages in tissue culture (18). It is very likely that
LDL oxidation in vivo would be initiated by radicals
generated in the aqueous phase. Water-soluble antiox-
idants in plasma quench aqueous free radicals and
should thereby inhibit LDL oxidation and the con-
sumption of LDL tocopherols. Vitamin C (ascorbate)
is a water-soluble antioxidant that effectively protects
plasma lipids from peroxidative damage caused by
aqueous free radical species (19-22). Moreover, there
is evidence suggesting that ascorbate can regenerate
tocopherol from the tocopheroxyl radical in LDL (23~
25). Uric acid (urate at physiological pH), a metabolic
product of purine degradation, is also an important
antioxidant in human plasma and tissues (21, 26, 27).
There is, however, little information concerning the
comparative ability of urate and ascorbate to inhibit
LDL oxidation. This is an important issue since
plasma levels of urate in humans are about three to
five times higher than plasma levels of ascorbate. In
the present study, the kinetics of LDL oxidation was
measured in the absence of water-soluble antioxidants
or in the presence of equimolar concentrations (50
pM) of either urate or ascorbate. LDL oxidation was
initiated by the addition of a water-soluble azo-
initiator. Azo-initiators are particularly useful for
quantitative studies of oxidation kinetics because they
decompose to yield initiating free radicals at known
and constant rates.

Materials and Methods

Lipoprotein Preparation. Plasma (1.0 mg EDTA/
ml) was obtained from individual healthy donors and
LDL (density 1.019-1.063 g/ml) isolated by stepwise
density ultracentrifugation as previously described
(28). LDL was further purified by gel permeation chro-
matography on a Sepharose CL-4B (Pharmacia Bio-
tech Inc., Piscataway, NJ) column eluted with 0.15 M
NaCl with 0.25 mM EDTA adjusted to pH 7.4. In ad-
dition to removing small amounts of albumin, this
chromatographic step also removes any remaining
ascorbate and urate. The LDL fractions were pooled,
filtered through a 0.45 pm Acrodisc filter and stored at
4°C under nitrogen until used (within 1 week). SDS-
7.5% gel electrophoresis (29) indicated a single apoli-
poprotein polypeptide with an electrophoretic mobility
identical to that of apoB100. LDL protein was deter-
mined using a modification of the Lowry method (30).
Five different plasma donors were used and the LDL
from each donor was independently subjected to the
oxidation protocol detailed below.

Lipoprotein Oxidation. Dialysis tubing was
boiled and thoroughly rinsed with 0.1 mM EDTA to
remove any trace metals. A 3.0 ml aliquot of LDL
(0.5-1.0 mg protein/ml) was placed inside the dialysis
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tubing with a protruding length of microbore teflon
tubing. After sealing, the dialysis tubing with LDL was
placed in a beaker containing 200 ml of 0.15 M NaCl/
0.25 mM EDTA with 15.0 mM of a water soluble azo-
initiator (azobis-2-amidinopropane HCL or ABAP) at
pH 7.4. ABAP (Polysciences, Warrington, PA) was
also added to the LDL sample giving a final concen-
tration of 15.0 mM. A second parallel LDL oxidation
system was assembled but ascorbate (50 pM final con-
centration) was added to both the dialysate and the
LDL sample. Similarly, a third parallel LDL oxidation
system had 50 wM urate. The stock ascorbate or urate
solutions were made immediately before each oxida-
tion experiment using deaerated pH 7.4/0.15 M NaCl/
0.25 mM EDTA solution.

The oxidation experiment was initiated (at 30°C) in
all three beakers by continuously bubbling filtered air
through a 60 wm pore gas diffusing stone in each beak-
er. At each time an aliquot of the LDL was with-
drawn from the dialysis bag in each beaker (via the
microbore tubing) and immediately assayed for lipid
hydroperoxides (in triplicate) and tocopherols. An al-
iquot of the dialysate was also withdrawn from each
beaker and its UV spectra immediately recorded with
a Milton Roy Model 3000 photodiode array spectro-
photometer. These spectra were used to determine the
concentration of urate or ascorbate. An extinction co-
efficient of 15,000 cm~'M ! at 265 nm (31) was used
for ascorbate and 11,220 cm~'M~! at 292 nm for
urate.

Lipid Hydroperoxides. Lipid hydroperoxide (5-
30 wl aliquot of LDL) levels were assayed using a
methylene blue derivative (10-N-methylcarbamoyl-
3,7-dimethylamino-10 H-phenothiazine or MCDP). In
the presence of hemoglobin (a reaction catalyst), lipid
hydroperoxides stoichiometrically react with the
MCDP to produce methylene blue (32, 33). We used a
commercial kit available from Kamiya Biomedical Co.
(Thousand Oaks, CA) that also contained triton X-100,
ascorbate oxidase (EC.1.10.3.3), and lipoprotein li-
pase (EC.3.1.1.34). We adopted this extremely sensi-
tive and specific assay to work with a microtiter plate
reader (34). The assay was not interfered with by
ABAP, tocopherol, urate, or ascorbate at the levels
used in our experiments. The blank used for each LDL
lipid hydroperoxide assay was an aliquot (equal in vol-
ume to the LDL sample) of the dialysate obtained at
the same time point.

Consumption of «- and y-tocopherol. Propyl
gallate (50 wg/ml) was added to the LDL sample which
was immediately extracted into hexane containing
BHT (50 pg/ml). Levels of a-tocopherol and y-tocoph-
erol were measured using reverse phase HPLC with a
Altex-Ultrasphere-ODS (Beckman Instruments, Inc.,
Fullerton, CA) 4.6 mm ID X 25 cm column (35). The
mobile phase was methanol:water (99.5%:0.5%, vol:



vol). A McPherson Model FL-750 spectrofluores-
cence detector was utilized with 294 nm excitation and
324 nm emission. Tocol (a generous gift of Hoffman
LaRoche Chemical Co.) was used as an internal stan-
dard. a-Tocopherol, y-tocopherol and tocol in a 1:1:1
weight ratio gave peak areas with a 1.796:0.798:1.000
ratio using the fluorescent detector. Correction factors
were, therefore, used to convert peak areas to nmoles
of a- or y-tocopherol.

Statistical Analysis. For each LDL oxidation ex-
periment, we calculated the linear regression coeffi-
cients and one way ANOVA tables for time versus
lipid hydroperoxide formation before and after the in-
duction period (Sigma Plot Scientific Graph System;
Jandel Scientific, Corte Madera, CA). Standard statis-
tical methods were employed to determine if the
slopes (i.e., the rates of lipid hydroperoxide formation)
were significantly different before and after the induc-
tion period (36). The induction period was the time
required to totally consume all tocopherol. The mean
rates of lipid hydroperoxide formation from the five
independent LDL oxidation experiments (in the pres-
ence or absence of urate or ascorbate) were also com-
pared by a one-way analysis of variance (ANOVA)
followed by Scheffe’s test for comparing multiple
means. A P < 0.05 was considered as statistically sig-
nificant.

The consumption of a-tocopherol and y-tocopher-
ol for each oxidation experiment was curve fit by non-
linear regression using the Marquardt-Levenberg algo-
rithm provided by Sigma Plot Scientific Graph Sys-
tem. The modified sigmoidal equation (I) gave the best
fit (see Results).

toc(t) = (toc® + bO/[1 + (t/c)d] ).

The curve fit algorithm also provided the standard er-
ror for each parameter.

Results

Azo-initiators are particularly useful for study the
oxidation of organic molecules because they provide
quantitative kinetic information. ABAP(A — N = N
— A where A = HCINH = C[CH;],) is thermally
labile and decomposes (see Equation II) unimolecu-
larly to generate free radicals (A*) at a known and
constant rate. At 30°C the rate of decomposition is
equal to [ABAP]k; where k; = 3.82 x 10~ "/sec at 30°C
37).

A-N=N-A—>2A*+N, .

Not all the radicals generated by reaction (II) are, how-
ever, able to initiate lipid peroxidation chain reactions.
The actual rate of chain initiation, R;, can be estimated
(37) from Equation III where ¢; is the induction time,
i.e., the time required to consume all the tocopherol
(a-plus y-tocopherol) present in an LDL sample.

R, = 2[tocopheroll/t; (I11).

Figure 1 shows the oxidation of a typical human LDL
sample in the presence of an air saturated solution
containing 15.0 mM of the water soluble azo-initiator
ABAP at 30°C (no ascorbate or urate). For the data
given in Figure 1, we obtained an R; value of 1.35 X
10~° M/sec. The efficiency, e, at which the A* radicals
initiate lipid peroxidation chain reactions is given by
Equation IV (37).

e = R2kJ]A — N =N —-A) av).
For the data in Figure 1, e was 0.23. The mean e for all
five LDL oxidation experiments was 0.51 *= 0.13
which is very similar to the value found by others for
the autoxidation of linoleic acid in SDS micelles at
30°C using ABAP (33).

Figure 1 shows that while a- and +y-tocopherol
were present (i.e., during the induction period) the rate
of lipid hydroperoxide (LOOH) formation in LDL was
slow but linear with time. When all the a-tocopherol
and y-tocopherol were consumed (about 2 hr) the rate
of lipid hydroperoxide formation significantly in-
creased and remained linear. The rate of lipid hydro-
peroxide formation also provides an estimate of the
chain length, v, which is a measure of the number of
propagations per initiation (37). A number greater than
one indicates that LDL oxidation proceeds via a free
radical chain mechanism. For Figure 1, the chain
length (v = (d[LOOH]/dt)/R;) before and after all the
tocopherols were consumed was 10 and 80, respec-
tively. Table I summarizes the kinetic data on lipid
hydroperoxide formation for all five LDL oxidation
experiments. For all five experiments chain lengths of
4.0 = 1.7 and 26.0 = 11.6, respectively, were found for
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Figure 1. Tocopherol (nmol/mg of LDL protein) consumption
and lipid hydroperoxide (nmol/mg of LDL protein) formation in
human LDL exposed to 15 mM water-soluble radical initiator
ABAP in the absence of ascorbate or urate. One experiment
typical of five is shown.
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Table I. The Influence of Ascorbate or Urate on
Rates of Lipid Hydroperoxide Formation in
Low-Density Lipoprotein Before and After the
Induction Period (t)*

Rate of lipid
Water-soluble hydroperoxide formation
antioxidant
before t; after t,
none 55.9 = 10.6t 257.0 = 36.4§
50 wM Ascorbate 149 + 5.5¢% 245.6 = 31.6§
50 wM Urate 376 = 3.71.1 223.4 = 29.2§

* Low-density lipoprotein was oxidized in the presence of 15 mM
ABAP as indicated in the text. Data are expressed as mean =*
SEM of five independent oxidation experiments. Values not
sharing a common symbol (1, £, §) are significantly different at P
< 0.05.

LDL oxidation in the absence of either ascorbate or
urate.

Figures 2 and 3 show the oxidation kinetics of one
LDL sample in the presence of 50 pM of ascorbate or
50 wM urate, respectively. The insert in Figure 2
shows the consumption of ascorbate during the oxida-
tion experiment. Similarly, the insert in Figure 3
shows the consumption of urate. The rate of lipid hy-
droperoxide formation during the induction period was
compared to the LDL sample in the absence of water
soluble antioxidant (Fig. 1), in presence of ascorbate
(Fig. 2) or urate (Fig. 3). Ascorbate, but not urate,
significantly reduced the rate of lipid hydroperoxide
formation during the induction period. After all the a-
plus y-tocopherol was consumed, however, the rate of
lipid hydroperoxide formation was very similar for
LDL samples oxidized under the three conditions (no
water soluble antioxidant, 50 wM initial ascorbate, or
50 M initial urate). Table I summarizes the data for
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Figure 2. Tocopherol (nmol/mg of LDL protein) consumption
and lipid hydroperoxide (nmol/mg of LDL protein) formation in
human LDL exposed to 15 mM water-soluble radical initiator
ABAP in the presence of 50 uM ascorbate. One experiment typ-
ical of five is shown.
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Figure 3. Tocopherol (nmol/mg of LDL protein) consumption
and lipid hydroperoxide (nmol/mg of LDL protein) formation in
human LDL exposed to 15 mM water-soluble radical initiator
ABAP in the presence of 50 nM urate. One experiment typical of
five is shown.

all five oxidation experiments. One-way ANOVA of
all five oxidation experiments confirmed the conclu-
sions drawn from the analysis of a single oxidation
experiment.

Both urate and ascorbate markedly increased the
time required to totally consume either a- or y-tocoph-
erol. The length of time required to consume «- plus
v-tocopherol was increased by about 1.5 hr in the pres-
ence of 50 wM ascorbate and by 3.0 hr in the presence
of 50 pM urate. These data indicate that urate was
considerably more effective than ascorbate in delaying
the time required for the consumption of tocopherols.
Urate was also consumed at a significantly lower rate
(14.1 = 0.30 wM/hr) than ascorbate (23.7 = 0.9 wM/hr)
in the in vitro oxidation systems as shown by the in-
serts in Figures 2 and 3.

We found that the consumption of a- or y-tocoph-
erol as a function of time could be curve fit to the
modified sigmoidal equation, toc(?) = (toc® + br)/[1 +
(t/c)?], where toc(t) is the tocopherol (a- or y-) con-
centration at time ¢; toc® is the initial tocopherol con-
centration; b is the slope of the tocopherol consump-
tion before its rapid oxidation phase; c is the time at
the inflection point for tocopherol consumption and d
is a slope parameter during the rapid phase of tocoph-
erol oxidation. This equation provided an excellent fit
for LDL tocopherol consumption both in the presence
or absence of water-soluble antioxidants and was used
to obtain the curves shown in Figures 1, 2, and 3. In
general the values of the d slope parameter were be-
tween 5 and 18 for all five LDL oxidation experiments.
This implies that for time points before the inflection
point, ¢, the term (#/c)? is small and Equation I can be
approximated by toc(t) = toc® + bt; i.e., the con-
sumption of tocopherol is approximately linear with
time and the rate of linear consumption is given by the



b parameter. A more negative value of b indicates a
greater rate of tocopherol consumption. At the inflec-
tion time point, ¢, Equation I can be reduced to foc(c)
= (toc® + bc)/2; i.e., the tocopherol concentration is
half its initial value minus the linear consumption of
tocopherol that occurred up to the inflection point.

Table II provides the linear slope parameter, b,
and the inflection point parameter, ¢, obtained for o-
and y-tocopherol consumption for the data presented
in Figure 1, 2, and 3. The linear consumption of a- or
vy-tocopherol in the presence of either ascorbate or
urate was markedly lower than in the absence of these
water-soluble antioxidants. Ascorbate was more effec-
tive than urate in reducing the linear rate of a-tocoph-
erol consumption. The linear rate of a-tocopherol con-
sumption, either in the absence of water-soluble an-
tioxidants or in the presence of urate, was greater than
that of y-tocopherol. In the presence of ascorbate the
linear consumption of both - and a-tocopherol were
found to be very low and not significantly different.
The inflection point data provided in Table 1I reinforce
the qualitative conclusions drawn from the induction
time periods. Urate (50 wM) tripled and ascorbate dou-
bled the inflection time point for a-tocopherol ob-
served in the absence of water-soluble antioxidants.
As indicated in Table II the inflection time points for
y-tocopherol were always greater than that of a-to-
copherol. We were not able to draw any useful con-
clusions concerning the rapid phase of tocopherol ox-
idation described by the d parameter (see Equation I),
particularly in the absence of water-soluble antioxi-
dants. This situation arose because only a few data
points were sometimes acquired during the rapid
phase of tocopherol oxidation and hence the standard
error of the d parameter could be large.

Although there was much variation in the values of
the fit parameters from experiment to experiment, the
general conclusions described above from the data in
Figures 1, 2, and 3 could also be made within the other
individual oxidation experiments. Other investigators
have also noted that the oxidation kinetics of LDL

samples from different individuals can show variabil-
ity. Not all the factors responsible for this variability in
oxidation kinetics have been identified but the poly-
unsaturated fatty acid composition of the LDL is cer-
tainly an important factor.

Discussion

Increasing evidence supports the view that oxida-
tive modifications to LDL increase its atherogenicity.
Vitamin E, ascorbate, ubiquinol-10, lycopene, and
B-carotene are plasma antioxidants that play a fairly
well recognized role in preventing LDL oxidation. In
contrast, the role of urate as an antioxidant capable of
preventing LDL oxidation is not as well appreciated
(38). In this investigation, urate was found to be more
effective than ascorbate (50 pM initial concentration
for both) in prolonging the time required to completely
oxidize a-tocopherol and y-tocopherol in human LDL
subjected to in vitro oxidation by aqueous peroxy rad-
icals. The ability of water-soluble antioxidants to in-
hibit the oxidation of tocopherols is of particular phys-
iological importance. Only after all tocopherol has
been consumed is LDL converted to a high-uptake
form recognized by macrophages (18). Macrophages in
the arterial intima that have takén up large amounts of
oxidatively modified LDL are thought to give rise to
the foam cells observed in early atherosclerotic le-
sions.

Urate and ascorbate can both prevent oxidation
damage to LDL by quenching the aqueous free radials
that could otherwise initiate lipid peroxidation chain
reactions in LDL. Evidence suggests, however, that
ascorbate can regenerate tocopherol from the toco-
pheroxyl radicals in LDL (23, 24) but that urate does
not exhibit this biochemical property (23). In the in
vitro oxidation experiments reported here, the amount
of tocopherol remaining at any time point represents
the initial amount of tocopherol minus the amount con-
sumed by oxidation plus any tocopherol regenerated
from the tocopheroxyl radicals. In presence of ascor-
bate (Fig. 2), the consumption of LDL tocopherols and

Table Il. The Curve Fit Parameters for Tocopherol Consumption in the Presence or Absence of
Ascorbate or Urate*

b linear . .
Water-soluble . ¢ inflection
P consumption )

antioxidants (nmoles * mg~—"' * hr=") time (hr)
None —4.42 = 0.161 0.99 = 0.11¢
a-Tocopherol 50 wM Ascorbate -0.01 = 0.08% 2.07 = 0.01%
50 pM Urate —0.95 += 0.05§ 3.67 = 0.03§
None —0.66 = 0.07t 1.33 = 0.02%
vy-Tocopherol 50 wM Ascorbate —0.08 = 0.031,§ 2.65 = 0.02¢
50 pM Urate —0.16 = 0.03§ 4.25 + 0.04§

* Values are parameter = SE from curve fit. The b parameter is the slope of the tocopherol consumption before its rapid oxidation;
¢ is the time at the inflection point for tocopherol consumption. Values in a column for each tocopherol without a common symbol

(t, 3. § are significantly different (P < 0.01).
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the formation of lipid hydroperoxides was very low
until most of the ascorbate was oxidized. The very low
level of tocopherol consumption in the presence of
ascorbate is certainly consistent with the ability of
ascorbate to regenerate tocopherol from tocopheroxyl
radicals. In contrast, LDL tocopherol consumption
and the rate of lipid hydroperoxide formation in the
presence of urate (Fig. 3) was greater than in the pres-
ence of ascorbate. Nevertheless, urate was consumed
(see insert in Fig. 3) at a markedly slower rate than
ascorbate (see insert in Fig. 2) in the in vitro oxidation
system. The net result was that urate was more effec-
tive than ascorbate in extending the time required to
consume all LDL tocopherols (Table II). a-tocopherol
was always present in LDL at higher initial levels than
y-tocopherol. Nevertheless a-tocopherol was always
totally depleted more rapidly than y-tocopherol in the
in vitro oxidation system (Table II and Fig. 1, 2, and
3). These data are consistent with the view (cf. Ref. 39)
that a-tocopherol rapidly reacts with the vy-toco-
pheroxyl radicals to give a-tocopheroxyl radicals and
y-tocopherol.

There have been several studies attempting to de-
fine the relative importance of various plasma antiox-
idants in preventing lipoprotein oxidation. Some in-
vestigators consider the temporal consumption of an-
tioxidants and the degree to which they inhibit the
formation of lipid hydroperoxide to be of primary im-
portance. It is known, for example, that ubiquinol-10
is consumed more rapidly, as a percent of its initial
level, than a-tocopherol in LDL exposed to aqueous
peroxy radicals and that ubiquinol-10 suppresses the
formation of lipid hydroperoxide formation better than
a-tocopherol (40). Ubiquinol-10 might, therefore, be
considered a more effective antioxidant than a-to-
copherol from a physiochemical point of view. It is,
however, also important to consider the plasma con-
centrations of antioxidants as well as their ability to
delay the consumption of LDL tocopherols. Each
LDL molecule contains six to 10 molecules of a-to-
copherol but only about 0.7 molecules of ubiquinol-10.
All 0.7 molecules of ubiquinol-10 molecules are con-
sumed very rapidly when LDL is exposed to peroxy
radicals yet the level of a-tocopherol is decreased by
only 5%-10% (39) at this time point and would not,
therefore, be converted into high-uptake atherogenic
form of LDL.

The concentration of urate (300-395 wM) in human
serum is much higher than the level of ascorbate (30—
50 pM). Urate contributes about 35%-65% of the
chain-breaking antioxidant capacity of human plasma
while ascorbate contributes about 0%-24% (41). Urate
can form stable coordination complexes with iron ions
and inhibit Fe’*-catalyzed ascorbate oxidation and
thereby stabilize ascorbate in biological fluids (42, 43).
The data presented in this investigation supports the
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view that urate should be considered a major plasma
antioxidant with the ability to considerably delay the
oxidation of tocopherols in LDL and thereby prevent
the conversion of LDL into a more atherogenic form.
The empirical equation presented in the paper, de-
scribing the oxidation kinetics of tocopherol in the
presence or absence of water soluble antioxidants,
might prove useful in developing quantitative models
of LDL oxidation in the microenvironment of the ar-
terial subendothelial space.
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