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Oxidative modification of low-density lipoprotein (oxLDL)
plays a pathogenic role in atherogenesis. Classical
antioxidants such as L-ascorbic acid can inhibit formation
of oxLDL. o-Keto-carboxylates such as pyruvate and
congeners also display antioxidant properties in some cell-
free and intact cell systems. We tested the hypothesis that
pyruvate or a-keto-glutarate may function as ant10x1dants
with respect to LDL incubated with 5 or 10 uM Cu”" alone
or in combination with THP-1-derived macrophages.
a-Hydroxy-carboxylates (L-lactate), linear aliphatic mono-
carboxylates (acetate /caprylate) and L-ascorbic acid served
as controls. The oxLDL formation was ascertained by
electrophoretic mobility and oxLDL cytotoxicity was
judged by macrophage viability and thlobarblturlc acid
reactive substances (TBARS) formation. Cu®>" alone was
not cytotoxic but increased electrophoretic mobility of cell-
free LDL, stimulating TBARS. Millimolar pyruvate, a-keto-
glutarate, or micromolar L-ascorbic acid partially inhibited
oxLDL formation, while a-hydroxy-carboxylate or the
aliphatic mono-carboxylates had no measurable antioxi-
dant properties in cell free LDL. Co-culture of LDL with
macrophages and Cu®" augmented TBARS release and
resulted in 95% macrophage death. Pyruvate improved
macrophage viability with 5pM Cu®*" up to 60%.
L-Ascorbic acid (=100 uM) protected macrophages up to
80%. When =100 uM L-ascorbic acid was combined with
pyruvate, oxXLDL formation and macrophage death were
fully prevented. Thus, a-keto-carboxylates, but not
physiological a-hydroxy-carboxylates or aliphatic mono-
carboxylates qualify as antioxidants in LDL systems. Since
a-keto-carboxylates enhanced the antioxidant power of
L-ascorbic acid, our findings may have implications for
strategies attenuating atherosclerosis.
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L-Ascorbic acid; Pyruvate; a-Keto-carboxylate; a-Hydroxy-car-
boxylate

INTRODUCTION

It has been established that oxidatively modified
low-density lipoprotein (LDL) is causally involved in
human atherosclerosis, even in the absence of
hypercholesteremia.! 3! LDL oxidation can occur
within the vascular wall®® where such changes may
result in lipid accumulation, focal necrosis covered
by smooth muscle cells and surrounded by macro-
phages, connective tissue proliferation due to
chronic inflammation, and other subparenchymal
events that sustain and promote the atherosclerotic
process.[**!

The cellular mechanisms for the oxidized LDL
(oxLDL) }Droduction comprise the lipoxygenase
pathway!®! and the generation of superoxide radi-
cals”! by the mitochondrial electron transport chain
most likely at the level of coenzyme Q®! or via the
NADH oxidase or xanthine oxidases.”’ LDL oxi-
dation can also proceed via cell-dependent thiol
output, possibly via the generation of thiyl radi-
cals."%! Tt has been recognized that thiol-dependent
oxidative modification of LDL can be accomplished
by superoxide-dependent and -independent mech-
anisms.""! In cell-free and cell-containing systems,
oxLDL particles can be generated from native LDL
by trace amounts of transition metals such as copper
(Cu*") and iron (Fe*"), or by inorganic oxidants
such as H,O,.I"?! Based on the known mechanisms
causing LDL to oxLDL transitions, it is likely that
agents or antioxidants that inhibit production
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of or neutralize reactive oxygen species (hydroxyl
radical, thiyl radicals, superoxide anion), may inhibit
production of oxLDL in vivo and thereby decelerate
atherosclerosis.

a-Keto-carboxylates such as pyruvate or a-keto-
glutarate can directly neutralize H,O, and other
aqueous reactive oxygen species.'>~1% Pyruvate is
the key substrate of mitochondrial pyruvate dehy-
drogenase and cytosolic lactate dehydrogenase. It is
known to inhibit glycolysis and to metabolically
stabilize cytosolic NAD™ and GSH systems render-
ing pyruvate an antioxidant.!"***~1"l Dye to intra-
mitochondrial metabolism pyruvate also raises the
cytosolic energy state and functions as anaplerotic
precursor via the pyruvate carboxylase."*'” In the
mitochondrial matrix, pyruvate raises NADH via the
pyruvate-stimulated pyruvate dehydrogenase.!®!

In the present study, we tested the hypothesis that
a-keto-carboxylates such as pyruvate or o-keto-
glutarate exhibit antioxidant properties with respect
to LDL metabolism. Accordingly, we determined
whether Cu®*-induced oxidative modification of
LDL could be alleviated by pyruvate and/or a-keto-
glutarate, compared to a-hydroxy- or linear aliphatic
mono-carboxylates. LDL peroxidation status was
judged by electrophoretic mobility and TBARS
formation. In an oxLDL injury model of the
atherosclerotic process, we examined the viability
of human THP-1 monocytic leukemia cells derived
macrophages exposed to LDL plus a-keto-carboxy-
lates in the presence of added Cu®' for 24h. The
results were compared with effects of L-ascorbic
acid, the classic antioxidant. We observed that
millimolar a-keto-carboxylates such as pyruvate
could act as antioxidants with respect to LDL, both
in the absence and presence of atherogenic macro-
phages. In addition, we observed that pyruvate
boosted the antioxidant power of L-ascorbic acid in
LDL systems co-cultured with human macrophages.

MATERIALS AND METHODS

Preparation of LDL

Human normolipidemic pooled plasma LDL
(d =1.020-1.063 g/ml) was prepared by a discon-
tinuous density gradient ultracentrifugation as
previously described elsewhere.!'*?%! Isolated LDL
was dialyzed at 4°C overnight against 21 buffer (pH
74) of 0.154M NaCl-0.01% EDTA. Any charge
modification of the prepared LDL was detected by
agarose gel electrophoresis, ! and the presence of
apo B100 in LDL was confirmed by 8-25% SDS
gradient phastgel (Pharmacia Biotech. Inc., Piscat-
away, NJ). Protein contents in LDL were determined
by the Lowry method,” and concentrations of
triglycerides, total cholesterol, and phospholipids

were measured by using diagnostic kits (Asan
Pharmaceutical Co., Korea). Isolated LDL was used
within 4 weeks after isolation procedure. An aliquot
of EDTA-containing LDL (1 ml) was dialyzed over-
night against 21 EDTA-free buffer containing 0.154 M
NaCl prior to experiments.

Electrophoretic Mobility Assay

To study the direct effects of pyruvate or a-keto-
glutarate on Cu®*-induced LDL oxidation in the cell-
free system, the electrophoretic mobility pattern of
LDL on agarose gel was examined using a
previously published method with a minor modifi-
cation.[?12324] Briefly, EDTA-free LDL (1 mg choles-
terol/ml) was incubated in fresh F-10 medium
(6.1mM glucose, 0.01 uM CuSO,, 3.38 uM FeSO,)
containing millimolar pyruvate or a-keto-glutarate
for 24h. The LDL mobility was also measured after
incubation with millimolar L-lactate, acetate, capry-
late (octanoate), and L-ascorbic acid. Aliquots of
medium were run on a 0.8% agarose electrophoresis
in pH 8.6-barbital buffer (Sigma Co., St. Louis, MO).
The gel was immediately fixed in a 5% trichloroacetic
acid solution and rinsed in 70% ethanol. Photo-
graphs of gel were obtained using Polaroid Type 667
positive/negative film.

Cell Culture

A human monocyte THP-1 cell line was obtained
from the American Type Tissue Culture set (Rock-
ville, MD) and grown in 25mM HEPES-buffered
RPMI-1640 (Sigma Co.) containing 10% fetal bovine
serum (FBS), 2mM glutamine, 100 U/ml penicillin
and 100 pg/ml streptomycin. Cultures were main-
tained at 37°C in humidified atmosphere of 5% CO,
in air, and cells were passaged weekly 1:4. To
stimulate differentiation of THP-1 cells into macro-
phages, cells were plated at a density of 2 x 10°
cells/ml and then incubated in RPMI-1640 contain-
ing 10% FBS for 24h in the presence of 100 ng/ml
phorbol 12-myristate-13-acetate (PMA) (Sigma Co.)
dissolved in dimethylsulfoxide (final concentration
0.1%). After the 24h incubation, cells were
thoroughly rinsed with phosphate buffered saline
(PBS) and continuously cultured in RPMI-1640
supplemented with 10% FBS in the absence of
PMA for 7 days, as described elsewhere.”! For the
detection of macrophage differentiation, the non-
specific esterase activity of THP-1 macrophages was
measured cytochemically according to Suematsu
et al®! 7 days after the PMA addition, and their
capacity to take up Dil-labeled acetyl-LDL was
examined. In all experiments, cells were pre-
incubated for 24 h in fresh F-10 medium containing
5% FBS. THP-1-derived macrophages were then pre-
treated with pyruvate (5-20mM) and/or L-ascorbic

RIGHTS LI MN K4y



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/25/11

For personal use only.

ANTIOXIDANT PYRUVATE AND LDL 907

acid (10-300 pM) in fresh F-10 medium plus 5% FBS
for 4h. Subsequently, EDTA-free LDL (1 mg choles-
terol/ml) and 5 or 10uM Cu®" were added and
incubation was continued for additional 24 h.

Cell Viability

The MTT [3-(4,5-dimetylthiazol-yl)-diphenyl tetra-
zolium bromide] assay was performed to estimate
cellular viability.*! After THP-1 macrophages were
exposed to LDL and Cu®" for 24 h, 100 pl of 40 mM
EDTA was added for 3min in order to prevent cell
death due to further LDL oxidation. Cells were
thoroughly rinsed with PBS and incubated in a fresh
phenol red-free medium containing 1 mg/ml MTT
for 3h at 37°C. After removal of unconverted MTT,
the purple formazan product was dissolved in 1 ml
isopropanol with gentle shaking for 10 min. Absor-
bance of formazan dye was measured at A = 570nm
with background subtraction using A = 690 nm.

Thiobarbituric Acid Reactive Substances

Oxidative modification of LDL particles to oxLDL
can be caused by transition metals such as Cu®*.[12%7]
To measure lipid peroxidation, thiobarbituric acid
reactive substances (TBARS) were measured accord-
ing to methods previously described.”*=3! After
cells were incubated with LDL and Cu*" for 24 h in
the absence and presence of various concentrations
of pyruvate and/or L-ascorbic acid, 100 ul of 40 mM
EDTA was added to inhibit further lipid peroxi-
dation, and the incubation medium was then
collected. One-milliliter aliquots were centrifuged
for 10s to remove cell debris and then concentrated
about five-fold in a Centricon tube with molecular
cutoff at 10 kDa at 4°C. The filtrate was freeze-dried,
and the resulting powder was dissolved in the
concentrate obtained by previous filtration. Hundred
microliter of the concentrate was used in the
thiobarbituric acid assay, using the absorbance at
X = 535nm.?®! The TBARS contents were expressed
as wg malondialdehyde/ml, a product of lipid
peroxidation. When recovery of MDA in samples
(showing high TBARS values) concentrated from
medium incubated with LDL in the presence of
10 pM Cu®", or medium incubated with cells in the
presence of LDL and 10 pM Cu?", was examined,
quantitatively similar TBARS values to those
detected with unconcentrated medium were
obtained.

Data Analysis

Data are presented as means + SEM. Differences
between groups were evaluated by two-way analysis
of variance followed by the Tukey correction (SAS

Institute Inc., Cary, NC). Statistical significance was
set at P < 0.05.

RESULTS

Inhibition of Cu**-induced LDL Oxidation by a-
Ketocarboxylates in Cell-free and Macrophage
Containing Systems

Cell-free control cultures were performed using
I1mg/ml LDL in the presence of 5 or 10 uM Cu*".
Data are compiled in Table I, rows 1-3. TBARS was
formed from LDL particles in the absence of cells,
and this oxidative modification of LDL was strongly
stimulated by Cu”" in the range between 0 and
10 M. Table I, rows 4 and 5 show that LDL
incubation with macrophages in the absence of Cu**"
did not appreciably increase the indices of LDL
peroxidation; however, when Cu*" was added in
presence of the cells, TBARS formation was
increased by 66 and 44% with 5 and 10 uM Cu®",
respectively (rows 6 and 7 vs. 2 and 3, Table I). These
observations demonstrated that Cu®" readily
induced LDL oxidation. Furthermore, macrophages
substantially promoted LDL oxidation in the
presence of Cu®" (Fig. 1, panel A). Accordingly,
close inspection revealed that the presence of
macrophages enhanced lipid peroxidation of the
combined system, possibly due to Cu”**-induced
peroxidation of membrane lipids of added cells
and/or due to promotion of LDL oxidation triggered
by the added cells.

The oxidative effect of Cu®>* on LDL particles was
also evident from agarose electrophoretic mobility, a
biochemical hallmark of LDL oxidation.!**?*! Table I
summarizes the relative electrophoretic mobility

TABLEI Formation of medium thiobarbituric acid reactive sub-
stances (TBARS) from Cu®'-stimulated oxidation of low-density
lipoprotein (LDL) particles in cell-free and THP-1 macrophage
containing systems

LDL culture protocols
TBARS

Cu®" (uM) Cells LDL (1 mg/ml cholesterol)

0.42 * 0.12%°
1.60 = 0.51¢
244 + 0434
0.31 + 0.04
0.54 + 0.03°
2.66 * 0.29¢
3.58 + 0.28°

0
5
10
0
0
5
1

4t
4+t

0

Values are given as means + SEM, n = 10 separate experiments. THP-1
(2 X 10°cells/ml) derived macrophages were incubated in F-10 medium
containing 5% FBS for 24 h, followed by another 24 h exposure to LDL in the
absence and presence of either 5 or 10 uM Cu®". After 24h formation of
medium TBARS was measured (see “Materials and Methods” section).
TBARS data are expressed as ng malondialdehyde/ml, a product of lipid
peroxidation. The TBARS value of fresh unincubated native LDL was below
detection value. Values with different superscripts are significantly
different from each other at P < 0.05.
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FIGURE1 The rate of atherogenic low-density lipoprotein (LDL)
oxidation in THP-1 (2 X 10°cells/ml) macrophage-free (open
bars) and containing systems (closed bars) (A panel) and the
relationship between macrophage viability and lipid peroxidation
(measured as TBARS) induced by oxidative modification of LDL
using 5 or 10 puM Cu”" for 24 h. Panel A shows that the addition of
macrophages accelerated the rate of LDL oxidation (means = SEM
of 10 different experiments). Panel B shows a linear inverse
correlation between medium TBARS levels due to macrophages
plus Cu**-oxLDL and macrophage cellular viability using all
single data points. THP-1-derived macrophages were cultured in
F-10 medium containing 5% FBS and exposed to LDL (I1mg
cholesterol/ml) in the presence of either 5 or 10 uM Cu®". TBARS
was measured to assess the degree of lipid peroxidation induced
by Cu®"-stimulated oxidative modification of LDL. TBARS data
were expressed as pgmalondialdehyde/ml, a product of lipid
peroxidation. Viability data are expressed as percent of the
viability of separate time controls without LDL and Cu®*
(viability = 100%). *P < 0.05, relative to cell-free controls at 5 pM
Cu?*. PP < 0.05, relative to cell-free controls at 10 uM Cu*.

data of LDL particles incubated with Cu®" in the
absence and presence of the a-keto-carboxylate
pyruvate, a known antioxidant in both cell-free and
cellular systems."'3°~171 When LDL was incubated
in F-10 medium, LDL oxidation was minimal
(1.19 = 0.04 electrophoretic mobility relative to
native LDL), demonstrating that spontaneous LDL
oxidation occurred during incubation even without a
Cu?* addition. The addition of pyruvate did not
influence this spontaneous LDL oxidation. As
expected, there was a marked increase in the relative
electrophoretic mobility when LDL was incubated
for 24 h with 5 uM Cu®", compared to that observed
in spontaneous oxLDL (rows 2 vs. 1, Table II).

The electrophoretic mobility decreased dose-depen-
dently when LDL was treated with =5 mM pyruvate
plus 5pM Cu®", relative to LDL exposed to Cu®*
alone (rows 3-5). The data show that millimolar
concentrations of the a-keto-carboxylate pyruvate
protect LDL against oxidation thus stabilizing LDL
in its native state.

The effects of 10mM o-keto-carboxylates (pyru-
vate, a-keto-glutarate) were compared with those of
equimolar o-hydroxy-carboxylates (L-lactate) and
linear aliphatic mono-carboxylates (acetate, capry-
late). Only pyruvate and a-keto-glutarate decreased
significantly the Cu®'-stimulated electrophoretic
mobility. In contrast, no such protection against
LDL oxidation was observed with L-lactate or the
aliphatic compounds; in fact, L-lactate and the fatty
acids appeared to promote Cu**-induced oxLDL
formation (Table II). In the experiments with LDL
plus a-keto-glutarate the medium was slightly acidic
(pH 5-6). When medium pH was adjusted to pH 7.4,
a-keto-glutarate had a small but still significant effect
on Cu”"-stimulated LDL mobility, indicating that the
direct LDL antioxidant activity of a-keto-glutarate
was markedly pH-dependent (Table II). These
findings are consistent with and predicted from
acidic conditions affecting the rate of LDL oxi-
dation.l*!

Inhibition of Cu**-induced LDL Cytotoxicity
by Pyruvate

In the absence of LDL, Cu®?" alone even at a
concentration of 10puM did not induce THP-1
macrophage lipid peroxidation as evidenced by
very low basal formation of TBARS (0.26-
0.33png/ml) and conjugated dienes (4.1-
53 ng/ ml,[30]). In addition, Cu®" did not decrease
the macrophage viability under the same conditions
(data not shown). Thus, Cu*" per se was not cytotoxic
in the absence of LDL. On the other hand, when
macrophages were added to LDL-containing sys-
tems, the Cu?'-induced formation of TBARS
increased significantly (Table I).

In the absence of pyruvate, Cu**-induced oxLDL
decreased the macrophage viability by 70% to near
90%; this massive cell death was associated with
several-fold increase in TBARS formation, i.e. by 5-7
fold (Table I, rows 6 and 7). There was a highly
significant inverse linear correlation between the
degree of Cu®'-stimulated LDL oxidation and
macrophage viability (Fig. 1, panel B). Accordingly,
it is obvious that macrophage viability was reflected
by the rate of LDL oxidation measured as TBARS
formation. Figure 2 depicts the dose-dependence
of pyruvate protection against macrophage killing
and lipid peroxidation in presence of LDL plus 5 or
10pM Cu?*. The cytotoxicity of oxLDL was
substantially attenuated (60-80% viability)
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TABLE II Relative electrophoretic mobility of oxidatively modified low-density lipoprotein (LDL) particles

LDL culture protocols

Addition of Cu®* (uM) Pretreatment in presence of LDL

Relative electrophoretic mobility (fold of mobility for native LDL)

Cu**-free LDL alone

LDL alone

5mM pyruvate

10mM pyruvate

20mM pyruvate

10mM L-lactate

10mM acetate

10mM caprylate

10mM a-keto-glutarate (pH 5-6)
10mM a-keto-glutarate (pH 7.4)

Q1 U1 G111 U1 a1 a1t

1.19 = 0.04°
1.72 + 0.04°
1.68 = 0.06°
1.56 = 0.05°
1.45 + 0.05¢
1.81 = 0.09>¢
1.88 = 0.08°
1.87 = 0.10°
1.26 = 0.02°
1.58 = 0.05°

Data are means + SEM of the measurements of four independent LDL pools. LDL (1 mg cholesterol/ml) was incubated with 5uM Cu®" plus pyruvate,
L-lactate, acetate, caprylate (octanoate) or a-keto-glutarate for 24 h in the cell-free system. Electrophoretic mobility was expressed relative to that of native
LDL. Relative electrophoretic mobility of fully acetylated LDL was 1.95 + 0.18. Values with different superscripts are significantly different from each other at

P < 0.05.

by millimolar pyruvate in a dose-dependent manner
(Fig. 2, panel A); this pyruvate protection was
associated with a dose-dependent reduction in lipid
peroxidation (Fig. 2, panel B). However, even at
20mM, pyruvate failed to fully protect the macro-
phages against oxLDL-induced death (Fig. 2, panel
A). In addition, 20 mM pyruvate did not completely
prevent Cu*"-stimulated TBARS formation (Fig. 2,
panel B).

We also noted that the spontaneous LDL oxidation
was cytotoxic, as it lowered measurably THP-1
macrophage viability (Fig. 3, panel A) at measurably
increased lipid peroxidation (Fig. 3, panel B). This
underlying spontaneous peroxidation was not
attenuated by a-keto-carboxylate treatment (Fig. 3),
illustrating the limits of pyruvate protection against
cytotoxic oxLDL.
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Full Protection against Cytotoxic oxXLDL Requires
Pyruvate Plus L-Ascorbic Acid

At low micromolar concentrations, L-ascorbic acid is
a natural and powerful antioxidant. It can directly
scavenge aqueous reactive oxygen species and
protect LDL particles against atherogenic modifi-
cation by Cu”"-dependent oxidation.[">*”! Table III
shows the results of the electrophoretic mobility
assay of Cu**-stimulated LDL pre-treated with 50 or
300 uM L-ascorbic acid and/or 5-20 mM pyruvate in
the absence of macrophages. There was no noticeable
effect on electrophoretic mobility when LDL was
cultured with 5mM pyruvate alone or 50 uM
L-ascorbic acid alone (Table III). Only at the concen-
trations of =10mM pyruvate alone or 300 pM
L-ascorbic acid alone was there a measurable

(b)
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FIGURE 2 Dose-dependent pyruvate protection of THP-1 (2 X 10° cells/ml) macrophages (panel A) and lipid peroxidation (panel B)
against atherogenic low-density lipoprotein (LDL) produced by oxidative modification with 5 or 10 uM Cu>* for 24 h. Panel A shows the
effects of Cu”"-oxLDL on dose-response relationships between pyruvate and macrophage viability (means = SEM of 10 different
experiments). Panel B shows effect of pre-treatment with pyruvate on medium TBARS produced by macrophages plus Cu*"-oxLDL over
24 h. THP-1-derived macrophages were cultured in F-10 medium containing 5% FBS with and without pyruvate for 4 h and then exposed
to LDL (1 mg cholesterol /ml) in the presence of either 5 or 10 uM Cu®*. Viability data are expressed as percent of the viability of separate
time controls without LDL and Cu*" (viability = 100%). TBARS was measured to assess the degree of lipid peroxidation induced by Cu**-
stimulated oxidative modification of LDL. TBARS data were expressed as pg malondialdehyde/ml, a product of lipid peroxidation.
*P < 0.05, relative to no pyruvate controls at 5 uM Cu®". **P < 0.05, relative to no pyruvate controls at 10 puM Cu*".
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FIGURE 3 THP-1 macrophage viability (panel A) and TBARS formation (panel B) by low-density lipoprotein (LDL) in the absence and
presence of 10 mM pyruvate. THP-1 (2 X 10° cells/ml)-derived macrophages were cuitured in F-10 medium containing 5% FBS with LDL
(1 mg cholesterol/ml). Cell viability was assessed by the MTT assay after 24 h. Viability data are expressed as percent of the viability of time
controls without LDL and pyruvate. TBARS was measured as pg malondialdehyde/ml. The data were expressed as means + SEM from
four different experiments. *P < 0.05, relative to no LDL controls.

improvement of Cu*"-induced electrophoretic mobi-
lity (Tables II and III); nevertheless, either compound
when applied alone failed to fully protect LDL
against Cu”-induced oxidation. However, the
electrophoretic mobility was completely restored
when 20mM pyruvate plus 300 uM L-ascorbic acid
was tested. This could be concluded because the
mobility of Cu**-free LDL (Table II, row 1) was not
different from that observed in the combined
treatment (20mM pyruvate plus 300 pM L-ascorbic
acid) group in the presence of Cu®*-treated LDL
(Table I1I, last row).

Figure 4 shows that in co-incubations of LDL with
Cu®" plus macrophages, a low physiological dose of
~50 uM L-ascorbic acid was a powerful antioxidant,
judged from the improvement of cell viability and
marked inhibition of TBARS formation (Fig. 4,
panels A and B). However, even at concentration of
300 uM, L-ascorbic acid did not completely prevent

cell death and lipid peroxidation in presence of
oxLDL, consistent with the electrophoretic mobility
data (Table III).

To find out whether the effects of a-keto-
carboxylate and L-ascorbic acid were additive with
respect to protection against cytotoxicity of oxLDL,
we incubated the macrophages with LDL, Cu** and
10mM (Fig. 5, left panel) or 20 mM pyruvate (Fig. 5,
right panel) and varied L-ascorbic acid from
subphysiological to supraphysiological concen-
trations (10—-100 uM, Fig. 5). In pyruvate-free control
runs with L-ascorbic acid (Fig. 4), 10 uM L-ascorbic
acid alone was not protective in presence of oxLDL.
However, as demonstrated in Fig. 5, 10uM
L-ascorbic acid showed protective efficacy against
oxLDL when applied in combination with =10mM
pyruvate. Similarly, 100 puM L-ascorbic acid alone
(Fig. 4, panel A) inhibited oxLDL cytotoxicity by only
about 80%, not 100%. However, combining 100 uM

TABLEIII Effects of pyruvate or L-ascorbic acid, alone or in combination on relative electrophoretic mobility of oxidatively modified low-

density lipoprotein (LDL) particles

Culture protocols with LDL in presence of 5 M Cu*"

Relative electrophoretic mobility (fold of mobility for native LDL)

LDL alone

5mM pyruvate

20mM pyruvate

50 uM L-ascorbic acid

300 uM L-ascorbic acid

5mM pyruvate + 50 uM L-ascorbic acid
5mM pyruvate + 300 wM L-ascorbic acid
20 mM pyruvate + 50 M L-ascorbic acid
20mM pyruvate + 300 uM L-ascorbic acid

1.72 + 0.04°
1.68 * 0.06°
1.45 + 0.05°
1.66 = 0.11°
1.49 + 0.04°
1.62 + 0.08°
1.27 + 0.06°
1.41 + 0.06°
1.12 + 0.06%

Data (means * SEM) from four different LDL pools. LDL (1 mg cholesterol /ml) was incubated with 5 pM Cu®* plus pyruvate in combination with L-ascorbic
acid as indicated (24 h, cell-free system). Electrophoretic mobility expressed relative to that of native LDL. Values with different superscripts are significantly
different from each other at P < 0.05. There was no noticeable effect on electrophoretic mobility when LDL was cultured with 50 pM L-ascorbic acid alone
compared to that observed with Cu®*-alone-stimulated LDL. However, the electrophoretic mobility was restored to that of native LDL when co-incubated
with 20mM pyruvate plus 300 M L-ascorbic acid.
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FIGURE 4 Effects of Cu*™-induced oxidation of low-density lipoprotein (LDL) on dose-response relationships between L-ascorbic acid
and THP-1 macrophage viability (panel A) or released TBARS (panel B) after 24 h. THP-1 (2 x 10° cells/ml) macrophages were pre-treated
with or without various concentrations of L-ascorbic acid for 4 h and exposed to LDL (1 mg cholesterol/ml) in the presence of either 5 or
10 uM Cu”". The viability data are expressed as percent cell survival relative to the LDL- and Cu”**-free time controls (means = SEM of
seven different experiments). TBARS was measured as malondialdehyde. Note that even at 300 M L-ascorbic acid failed to fully protect
macrophages from the toxicity of oxLDL, both in terms of macrophage viability and lipid peroxidation. *P < 0.05, relative to no L-ascorbic
acid controls at 5 uM Cu®*. **P < 0.05, relative to no L-ascorbic acid controls at 10 uM Cu?*.
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FIGURE 5 Synergistic protection by pyruvate and L-ascorbic acid against atherogenic Cu**-induced oxidized low-density lipoprotein
(oxLDL), both in terms of cell viability (panel A, B) and formation of medium TBARS (panel C, D) from THP-1 (2 X 10’ cells/ml)
macrophages. Macrophages were cultured with either 10 or 20 mM pyruvate in F-10 medium plus 5% FBS containing L-ascorbic acid over
the entire physiological range (10-100 uM) for 4h, and then exposed to LDL (1 mg cholesterol/ml) in presence of either 5 or 10 uM Cu®t.
After 24h macrophage viability and medium TBARS were determined. TBARS data (means = SEM of four different experiments)
expressed as ug malondialdehyde/ml, and viability expressed as percent of the time controls without LDL and Cu*". Neither millimolar
pyruvate alone nor micromolar L-ascorbic acid alone did influence the cell viability. *P < 0.05, relative to no L-ascorbic acid controls at
5uM Cu?*. #P < 0.05, relative to no L-ascorbic acid controls at 10 uM Cu>*.
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L-ascorbic acid with 20mM pyruvate afforded full
protection against cell death (Fig. 5, panels A and B)
and, as expected, this protection was associated
with extremely low levels of TBARS (Fig. 5, panels
C and D).

DISCUSSION

The main findings of this study are that (1)
micromolar amounts of Cu”*", which are not cytotoxic
per se, cause an oxidative modification of LDL
particles that is highly cytotoxic to human THP-1
derived macrophages in vitro. (2) Millimolar pyruvate
or a-keto-glutarate substantially attenuates but not
fully protects native LDL against Cu”"-induced
oxidation, whereas physiological a-hydroxy-carbox-
ylates (L-lactate) or linear aliphatic fatty acids
(acetate, caprylate) are ineffective, if not even
intensifiers of oxLDL formation. (3) Millimolar
pyruvate also substantially improved macrophage
viability in presence of oxLDL, but only =100 pM
L-ascorbic acid protected macrophages by =80%, yet
again not 100%. (4) The combined application of
L-ascorbic acid plus pyruvate fully prevented Cu**-
induced LDL oxidation and macrophage death.
These findings highlight new antioxidant properties
of pyruvate or related a-keto-carboxylates reported
here for the first time. Although these data were
derived from in vitro experiments, it is tempting to
speculate that they might have metabolic significance
for the in vivo situation and have pharmacological
implications for strategies aimed at inhibiting
atherosclerosis.

The antioxidant properties of a-keto-monocarboxy-
lates and their anti-atherogenic potential was
ascertained by measuring electrophoretic mobility
of LDL and the production of membrane peroxida-
tive products when added Cu®" was used to oxidize
LDL in a cell-free system. Conversely, in the cell-
containing systems the THP-1 macrophages mini-
mally oxidized native LDL in the absence of added
Cu”". This residual LDL oxidation could be due to
trace Cu”" content of the F-10 incubation medium.
However, only when the macrophages were co-
incubated with added micromolar Cu®* plus LDL,
the lipid peroxidation was strongly stimulated. Our
findings indicated that lipid peroxidation occurred
both at the level of the LDL particles (see below) and
that of the live macrophages. We observed that the
atherogenic parameters were related to cellular
viability clearly demonstrating direct relationships
among oxLDL formation, decreased macrophage
viability and increased lipid peroxidation (Fig. 1).
This quantitative approach also produced new
evidence that pyruvate and a-keto-glutarate appear
to have the potential to reduce spontaneous LDL
oxidation and in turn protect macrophages against

peroxidative toxicity. Consequently, pyruvate and
possibly other related a-keto-carboxylates appear to
qualify as anti-atherogenic agents with respect to
oxLDL formation and subsequent uptake by macro-
phages. However, we noted that even extremely high
concentrations of pyruvate (20mM) did not fully
maintain the viability of the macrophages in
presence of oxLDL (Fig. 3).

Pyruvate and especially a-keto-glutarate exhibited
distinct antioxidant effects with respect to native
LDL even in cell-free environments. It is not known
whether this property to stabilize LDL in presence of
Cu®* in vitro translates into true anti-atherogenicity
in vivo. On the other hand, the a-hydroxy-carboxy-
late L-lactate and the aliphatic short/medium chain
fatty acids acetate or caprylate did not inhibit Cu**-
induced LDL oxidation; in fact, based on the
electrophoretic mobility data of Table II, L-lactate
and fatty acids appeared to promote Cu”**-induced
oxLDL formation. Again, it is not clear from our
current study whether this adverse property of
L-lactate and fatty acids to destabilize native LDL in
vitro translates into true atherogenicity in vivo by
chronic lactemia and/or hyperlipidemia (i.e. high
levels of serum FFA). Nevertheless, the obvious
difference in native LDL protection between a-keto-
carboxylates and o-hydroxy-carboxylates points to
the a-keto configuration as a key intramolecular
requirement for a direct non-enzymatic antioxidant
efficacy of natural intermediates such as pyruvate,
a—keto-glutarate and perhaps acetoacetate and con-
geners."”!

Inhibition of Cu®*-induced LDL oxidation by
a-keto-carboxylates could be due to decreased Cu®*
binding to LDL, a mechanism that appears to be
effective with L-ascorbic acid protection.*?! Pyruvate
and related a-keto-carboxylates have been discussed
to directly inhibit membranous enzyme systems
such as NADH oxidase,"'® cyclooxygenase,** and
cytochrome ¢ oxidase,®*! ie. systems that are
involved in the initiation or propagation of peroxi-
dative products/processes. In addition, since pyru-
vate markedly attenuated the cytotoxicity of oxLDL
towards the macrophages and also enhanced the
antioxidant effects of subphysiological doses of
L-ascorbic acid, it appeared likely that the mechan-
ism of pyruvate protection of macrophages plus LDL
was at least in part related to cellular antioxidant
metabolism. A combination of the following known
effects of millimolar pyruvate may have boosted the
macrophages antioxidant defenses: (a) increased
GSH/GSSG ratio,l'”!  (b) reduced cytosolic
NADH/NAD?' ratio with inhibition of NADH
oxidase,"® (c) increased mitochondrial anaplerosis,
(d) increased formation of mitochondrial and
antiapoptotic bcl-2 (unpublished observations).

L-Ascorbic acid is a powerful reductant of metal
ions and one of the major natural antioxidants that
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directly scavenge or quench aqueous reactive oxygen
species; it also protects LDL particles against
atherogenic, i.e. oxidative modification by
Cu?*t 1227351 However, it has also been realized
that L-ascorbic acid can be pro-oxidant by generating
hydroxyl radicals in the presence of free metal ions in
vitro.***”) Nevertheless, much like millimolar pyru-
vate, 100—-300 uM L-ascorbic acid afforded strong yet
incomplete protection of macrophages against
oxLDL. Interestingly, the macrophage protection by
L-ascorbic acid against oxXLDL was enhanced by co-
treatment with pyruvate, even when subphysiologi-
cal doses of L-ascorbic acid were used (Fig. 5). The
exact mechanisms of this synergism are presently
unknown, but may involve direct intracellular and
extracellular oxyradical scavenging combined with
improved antioxidant defenses due to intensified
pyruvate metabolism of the macrophages.

In summary, millimolar pyruvate as an antioxi-
dant can directly inhibit Cu®"-catalyzed LDL
oxidation, a property related to the a-keto-carboxy-
late intramolecular configuration. In distinct con-
trast, the a-hydroxy-carboxylate intramolecular
configuration (L-lactate) and linear aliphatic mono-
carboxylates appear ineffective. Neither pyruvate
alone nor L-ascorbic acid alone provides full
protection against the cytotoxicity of oxLDL in
human macrophage systems. However, the com-
bined use of L-ascorbic acid and pyruvate fully
stabilized native LDL and prevented macrophage
death with minimal signs of lipid peroxidation.
Whether such or similar a-keto-carboxylate compo-
sitions may attenuate the oxLDL-triggered athero-
sclerotic process in vivo remains to be investigated.
Furthermore, possible anti-atherogenic strategies of
pyruvate and o-keto-carboxylate congeners remain
to be delineated, based on inhibiting clinically and
pharmacologically cholesterol metabolism.

Acknowledgements

We thank Jung-Hyun Lee and Dong-Chul Lee for
their expert technical assistance. This work was
supported by grant from the Hallym University,
Korea, grant no. 2001-1-220-001-3 from the Basic
Research Program of the Korea Science and
Engineering Foundation, grant from the Regional
Research Center Program of the Korea Science and
Engineering Foundation, Korea, and grants from the
Uniformed Services University (RO 76HB) and
NIAID (RO 76HD), Bethesda, Maryland, USA.

References

[1] Ross, R. (1993) “The pathogenesis of atherosclerosis: a
perspective for the 1990’s”, Nature 362, 801-809.

[2] Salonen, J.T., Yld-Hertuala, S., Yamamoto, R., Butler, S.,
Korpela, H., Salonen, R., Nyyssonen, K., Palinski, W. and

Witztum, ].L. (1992) “Autoantibody against oxidised LDL and
progression of carotid atherosclerosis”, Lancet 339, 883—887.
Steinberg, D., Parthasarathy, S., Carew, T.E., Khoo, J.C. and
Witztum, J.L. (1989) “Beyond cholesterol: modifications of
low-density lipoprotein that increase its atherogenicity”, New
Engl. ]. Med. 320, 915-924.

Schaffner, T., Taylor, K., Bartucci, E.J., Fischer-Dzoga, J.,

Beeson, H., Glagov, S. and Wissler, R.W. (1980) “Arterial foam

cells with distinctive immunomorphologic and histochemical

features of macrophages”, Am. |. Pathol. 100, 57—-80.

Gerrity, R.G. (1981) “The role of the monocyte in atherogene-

sis. I. Transition of blood-borne monocytes into foam cells in

fatty lesions”, Am. ]. Pathol. 103, 181-190.

[6] McNally, A.K., Chisolm, G.M., Morel, D.W. and Cathcart, M.K.
(1990) “Activated human monocytes oxidize low density
lipoprotein by a lipoxygenase-dependent pathway”,
J. Immunol. 145, 254—259.

[7] Cathcart, M.K., McNally, A K., Morel, D.W. and Chisolm, G.M.
(1989) “Superoxide anion participation in human monocyte-
mediated oxidation of low-density lipoprotein and conversion
of low density lipoprotein to a cytotoxin”, |. Immunol. 142,
1963-1969.

[8] Cai, J. and Jones, D.P. (1998) “Superoxide in apoptosis:
mitochondrial generation triggered by cytochrome C loss”,
J. Biol. Chem. 273, 11401-11404.

[9] Mohazzab-H, K.M., Kaminski, PM. and Wolin, M.S. (1997)
“Lactate and PO, modulate superoxide anion production in
bovine cardiac myocytes. Potential role of NADH oxidase”,
Circulation 96, 614—620.

[10] Graham, A., Wood, J.L., O’Leary, VJ. and Stone, D. (1996)
“Human (THP-1) macrophages oxidize LDL by a thiol-
dependent mechanism”, Free Radic. Res. 25, 181-192.

[11] Heinecke, J.W., Kawamura, M., Suzuki, L. and Chait, A.
(1993) “Oxidation of low density lipoprotein by thiols:
superoxide-dependent and -independent mechanisms”,
J. Lipid Res. 34, 2051-2061.

[12] Retsky, K.L. and Frei, B. (1995) “Vitamin C prevents metal ion-
dependent initiation and propagation of lipid peroxidation in
human low-density lipoprotein”, Biochim. Biophys. Acta 1257,
279-287.

[13] Ramakrishnan, N., Chen, R., McClain, D.E. and Biinger, R.
(1998) “Pyruvate prevents hydrogen peroxide-induced
apoptosis”, Free Radic. Res. 29, 283-295.

[14] Kang, Y.H., Chung, S.J., Kang, L.]., Park, ].H.Y. and Biinger, R.
(2001) “Mitochondrial pyruvate prevents hydrogen peroxide-
induced apoptosis in vascular endothelial cells”, Mol. Cell.
Biochem. 216, 37—-46.

[15] Clough, D. and Biinger, R. (1995) “Protection by pyruvate
against inhibition of Na*, K*-ATPase by a free radical
generating system containing t-butylhydroperoxide”, Life Sci.
57, 931-943.

[16] Bassenge, E., Sommer, O., Schwemmer, M. and Biinger, R.
(2000) “Antioxidant pyruvate inhibits cardiac formation of
reactive oxygen species through changes in redox state”, Am.
J. Physiol. 279, H2431-H2438.

[17] Tejero-Taldo, M.I., Caffrey, J.L., Sun, J. and Mallet, R.T. (1999)
“Antioxidant properties of pyruvate mediate its potentiation
of B-adrenergic inotropism in stunned myocardium”, . Mol.
Cell. Cardiol. 31, 1863-1872.

[18] Ghafourifar, P.,, Klein, S.D., Schucht, O., Schenk, U.,,
Pruschy, M., Rocha, S. and Richter, C.H. (1999) “Ceramide
induces cytochrome C release from isolated mitochondria.
Importance of mitochondrial redox state”, J. Biol. Chem. 274,
6080-6084.

[19] Basu, S.K., Goldstein, J.L., Anderson, R.G.W. and Brown, M.S.
(1976) “Degradation of cationized low density lipoprotein
and regulation of cholesterol metabolism in homozygous
familial hypercholesterolemia fibroblasts”, Proc. Natl Acad.
Sci. USA 73, 3178-3182.

[20] Havel, RK., Eder, HA. and Bragdon, J.C. (1985) “The
distribution and chemical composition of ultracentrifugally
separated lipoproteins in human serum”, J. Clin. Investig. 34,
1345-1349.

[21] Seidel, D., Wieland, H. and Ruppert, C. (1973) “Improved
techniques for assessment of plasma lipoprotein patterns.
L. Precipitation in gels after elecrophoresis with polyanionic
compounds”, Clin. Chem. 19, 737-739.

[3

[

[4

—_

5

—

RIGHTS LI MN K4y



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/25/11
For personal use only.

914 Y.-H. KANG et al.

[22] Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J.
(1951) “Protein measurement with the Folin phenol reagent”,
J. Biol. Chem. 193, 265-275.

[23] Demacker, PN.M., Vos-Janssen, H.E., Van’t Laar, A. and
Jansen, A.P. (1978) “A descriptive study of the different
electrophoretic patterns on agarose of human serum very low
density lipoprotein”, Clin. Chem. 24, 1439-1444.

[24] Kawamura, M., Heinecke, JJW. and Chait, A. (1994)
“Pathophysiological concentration of glucose promotes
oxidative modification of low density lipoprotein by a
superoxide-dependent pathway”, J. Clin. Investig. 94,
771-778.

[25] Suematsu, Y., Nishizawa, Y., Shioi, A., Hino, M., Tahara, H.,
Inaba, M., Mori, H. and Otani, S. (1995) “Effect of 1,25-
dihydroxyvitamin D on induction of scavenger receptor and
differentiation of 12-O-tetradecanoylphorbol-13-acetate-trea-
ted THP-1 human monocyte like cells”, ]. Cell. Physiol. 165,
547-555.

[26] Denizot, F. and Lang, R. (1986) “Rapid colorimetric assay for
cell growth and survival. Modification to the tetrazolium dye
procedure giving improved sensitivity and reliability”,
J. Immunol. Methods 89, 271-277.

[27] Retsky, K.L., Freeman, M.W. and Frei, B. (1993) “Ascorbic acid
oxidation product(s) protect human low density lipoprotein
against atherogenic modificaition. Anti- rather than prooxi-
dant activity of vitamin C in the presence of transition metal
ions”, |. Biol. Chem. 268, 1304—-1309.

[28] Burge, J.A. and Aust, S.D. (1978) “Microsomal lipid
peroxidation”, Methods Enzymol. 52, 302-310.

[29] El-Saadani, M., Esterbauer, H., El-Sayed, M., Goher, M.,
Nassar, A.Y. and Jurgens, G.A. (1989) “Spectrophotometric

assay for lipid peroxides in serum lipoproteins using a
commercially available reagent”, ]. Lipid Res. 30, 627-630.

[30] Pryor, W.A. and Castle, L. (1984) “Chemical methods for the
detection of lipid hydroperoxides”, Methods Enzymol. 105,
293-299.

[31] Rodriguez-Malaver, AJ., Leake, D.S. and Rice-Evans, C.A.
(1997) “The effects of pH on the oxidation of low-density
lipoprotein by copper and metmyoglobin are different”, FEBS
Lett. 406, 37-41.

[32] Retsky, K.L., Chen, K., Zeind, J. and Frei, B. (1999) “Inhibition
of copper-induced LDL oxidation by vitamin C is associated
with decreased copper binding to LDL and 2-oxo-histidine
formation”, Free Radic. Biol. Med. 26, 90—98.

[33] Greco, A., Minghetti, L. and Levi, G. (2000) “Isoprostanes,
novel markers of oxidative injury, help understanding the
pathogenesis of neurodegenerative diseases”, Neurochem. Res.
25, 1357-1364.

[34] Paradies, G., Petrosillo, G., Pistolese, M., Di Venosa, N.,
Serena, D. and Ruggiero, EM. (1999) “Lipid peroxidation and
alterations to oxidative metabolism in mitochondria isolated
from rat heart subjected to ischemia and reperfusion”, Free
Radic. Biol. Med. 27, 42-50.

[35] Brennan, L.A., Morris, G.M., Wasson, G.R., Hannigan, B.M.
and Barnett, Y.A. (2000) “The effect of vitamin C or vitamin E
supplementation on basal and H;O,-induced DNA damage
in human lymphocytes”, Brit. |. Nutr. 84, 195-202.

[36] Halliwell, B. (1996) “Vitamin C: antioxidant or pro-oxidant in
vivo?”, Free Radic. Res. 25, 439—-454.

[37] Yang, M., Collis, C.S., Kelly, M., Diplock, A.T. and Rice-
Evans, C. (1999) “Do iron and vitamin C co-supplementation
influence platelet function or LDL oxidizability in healthy
volunteers?”, Eur. |. Clin. Nutr. 53, 367-374.

RIGHTS LI MN K4y



