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Abstract Oxidized LDL (oxLDL) produced a rapid deple-
tion of intracellular glutathione (GSH) followed by an adap-
tive increase in J774 A.1 macrophages. OxLDL also induced
a transient increase in the levels of 

 

�

 

-glutamylcysteine syn-
thetase heavy subunit (

 

�

 

-GCS-HS), representing the cata-
lytic subunit of the rate-limiting enzyme for de novo GSH
synthesis. The induction took place within 3 h, with maxi-
mum levels observed by 10 h of treatment. Pretreatment of
oxLDL with ebselen inhibited GSH depletion and attenu-
ated the 

 

�

 

-GCS-HS induction. OxLDL-associated lipid hy-
droperoxides and their decomposition product aldehydes
are two major components thought to account for GSH de-
pletion in macrophages. Ebselen pretreatment had only a
minor effect on malondialdehyde levels, whereas peroxide
content was essentially abolished, suggesting that oxLDL-
associated hydroperoxides may mediate both GSH deple-
tion and 

 

�

 

-GCS-HS induction. Acetylated LDL (AcLDL) also
caused a moderate induction of 

 

�

 

-GCS-HS protein along
with a 30% transient increase in GSH by 3–6 h, suggesting a
minor involvement of scavenger receptor-mediated signal-
ing of GSH synthesis. However, the level of 

 

�

 

-GCS induc-
tion by AcLDL was insufficient to cause a sustained increase
in GSH. Macrophages with higher glutathione peroxidase
(GPx) activity experienced a more rapid and extensive de-
pletion of GSH when treated with oxLDL under similar
conditions, along with greater resistance to oxLDL- or per-
oxide-induced cytotoxicity.  We conclude that oxLDL-
associated peroxides are primarily responsible for GSH de-
pletion, creating an oxidizing environment required for

 

�

 

-GCS induction and compensatory GSH synthesis. This
is facilitated in cells expressing high GPx activity through
a rapid depletion of GSH in the face of a peroxide
challenge.—

 

Shen, L., and A. Sevanian.
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Oxidized low density lipoprotein (oxLDL) is believed
to play an important role in the pathogenesis of athero-
sclerosis (1). There is evidence that oxidation of LDL oc-

 

curs in the arterial wall, and a variety of vascular cells, in-
cluding monocyte-macrophages, can oxidize LDL in
culture (2). Several mechanisms have been proposed for
macrophage-mediated LDL oxidation, including cellular
15-lipoxygenase (3), NADPH oxidase (4), myeloperoxidase
(5), and reactive nitrogen species (6). Oxidation of LDL-
associated lipids and subsequent decomposition of lipid
peroxidation products result in the modification of lysine
residues of apolipoprotein B, leading to recognition by
scavenger receptors on arterial macrophages. Unregu-
lated uptake of oxLDL by macrophages contributes to
foam cell and fatty streak formation. The class A scavenger
receptor (7) and CD36 (8) are considered as major oxLDL
receptors in monocyte-derived macrophages. Other re-
ceptors such as the class B type I scavenger receptor,
macrosialin/CD68, and lectin-like oxLDL receptor 1
(LOX-1) have also been reported to bind oxLDL (9).
Because the macrophage is the major cell type that se-
questers oxLDL, it can likely be subjected to severe oxi-
dative stress.

Glutathione (

 

l

 

-

 

�

 

-glutamyl-

 

l

 

-cysteinyl-glycine, GSH) is
the most abundant antioxidant in cells, and plays a major
role in cellular defense against oxidative stress. GSH can
directly scavenge free radicals (10) or act as a substrate for
glutathione peroxidase(s) (GPx) and glutathione-

 

S

 

-trans-
ferase during the detoxification of hydrogen peroxide
(H

 

2

 

O

 

2

 

), lipid hydroperoxides (11), and electrophilic com-
pounds (12). GSH is synthesized in two sequential adeno-
sine 5

 

�

 

-triphosphate (ATP)-dependent enzymatic reactions
that are catalyzed by 

 

�

 

-glutamylcysteine synthetase (

 

�

 

-GCS)
and glutathione synthetase (13). Several factors control
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the rate of de novo GSH synthesis, the first of which is the
rate-limiting enzyme 

 

�

 

-GCS, bearing a catalytic heavy sub-
unit (

 

�

 

-GCS-HS, M

 

r

 

 73,000) and a regulatory light subunit
(

 

�

 

-GCS-LS, M

 

r

 

 31,000). The second factor is the availabil-
ity of cysteine, which is mainly derived from degradation
of circulating GSH by 

 

�

 

-glutamyl transpeptidase (GGT)
and dipeptidase (14). Another factor involves feedback in-
hibition of 

 

�

 

-GCS activity by GSH, in which approximately
80% of 

 

�

 

-GCS is inactive when GSH is present at the nor-
mal concentrations for a given cell type (15).

An initial acute decrease in GSH during exposure to
sublethal doses of 

 

tert

 

-butyl hydroperoxide (

 

t-

 

BuOOH),
H

 

2

 

O

 

2

 

, or diamide was followed by an overproduction of
GSH content (16), which may be due at least in part to the
relief in the feedback inhibition of 

 

�

 

-GCS and the induc-
tion of enzyme. Other oxidants have been reported to
cause 

 

�

 

-GCS activation without an initial significant deple-
tion in GSH (17, 18). This could be explained by the rela-
tive flux between glutathione reductase (GRD)-mediated
reduction of glutathione disulfide (GSSG) to GSH, and
GPx- and/or GST-mediated oxidation and conjugation re-
actions at the expense of GSH. Like these hydroperox-
ides, oxLDL has been shown to cause an initial decrease
followed by an adaptive increase of GSH in macrophages
(19) and human vascular endothelial cells (20). Although
the molecular mechanism by which this takes place is un-
clear, the initial depletion of GSH might be due to the
detoxification of oxLDL containing lipid hydroperoxides
(LOOH) or aldehydes. The formation of GSSG or GSH
conjugates and their exportation from the cells lead to a
net loss of GSH (21). Although GSH can be partially re-
covered by the action of GRD after an oxidative stress, it
appears to be of minor importance compared with GSH
production via de novo synthesis. The GSH adaptive in-
crease is considered as cellular defense against oxidative
stress. Increased expression of 

 

�

 

-GCS-HS mRNA and
GSH have been found after oxLDL treatment (20), sug-
gesting de novo synthesis of GSH. Moreover, the induction
of 

 

�

 

-GCS is mediated by activation of activator protein 1
(AP-1). AP-1 is a heterodimer composed of the c-Fos and
c-Jun proteins, or a homodimer of c-Jun proteins. AP-1 con-
trols the expression of many genes, and activates these
genes by binding to 12-

 

O

 

-tetradecanoylphorbol 13-acetate
response elements (TRE) (22).

In this study, we investigated major oxLDL-associated fac-
tors underlying GSH depletion and repletion in relation to
oxLDL-induced oxidative stress in macrophages. Our find-
ings show that oxLDL peroxide content is a major deter-
mining factor for the depletion and compensatory reple-
tion of GSH through the enhanced expression of 

 

�

 

-GCS.

MATERIALS AND METHODS

 

Materials

 

J774A.1 macrophage cell line was purchased from the Ameri-
can Type Culture Collection (ATCC, Manassas, VA). Sodium sele-
nite, GSH, GSSG, fucoidin, GSH reductase, NADPH, 3-(4,5 -
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT),

 

t

 

-BuOOH, diethylenetriaminepentaacetic acid free acid (DTPA),
2,4-dinitrofluorobenzene, and 2

 

�

 

,7

 

�

 

-dichlorofluorescein diacetate
(DCFH-DA) were obtained from Sigma (St. Louis, MO). 

 

�

 

-
Glutamyl-glutamic acid (

 

�

 

-GGA) was from Bachem Bioscience
(Torrance, CA). 1,1

 

�

 

-Dioctadecyl-3,3,3

 

�

 

,3

 

�

 

-tetramethylindocar-
bocyanine perchlorate (DiI) was from Molecular Probes (Eu-
gene, OR).

 

Cell culture

 

J774A.1 macrophages were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% (v/v) fe-
tal bovine serum (FBS) (Omega Scientific, CA) and gentamicin
(0.05 mg/ml) (Omega Scientific), at 37

 

�

 

C in a humidified incu-
bator (5% CO

 

2

 

, 95% air). Experiments were performed when
cells were about 90% confluent.

 

Isolation of LDL from human plasma

 

Human LDL (d 1.019–1.063 g/ml) was prepared by ultracen-
trifugation, using a Beckman (Fullerton, CA) L8-55 ultracentri-
fuge equipped with SW-41 rotors as described previously (23).
The LDL fraction was dialyzed and concentrated with a centrifugal
filter device (Millipore, Bedford, MA) with a molecular weight
cutoff of 30,000. LDL at 1 mg of protein per ml of phosphate-
buffered saline (PBS) containing 100 

 

�

 

M ethylenediaminetet-
raacetic acid (EDTA) was sterilized by filtration through a 0.2-

 

�

 

m pore size syringe filter (Corning, Corning, NY) and stored at
4

 

�

 

C until used for various experiments. Protein concentration
was measured by the Bio-Rad (Hercules, CA) protein assay re-
agent, using bovine serum albumin as a standard.

 

LDL modification

 

Human LDL was diluted to 0.2 mg of LDL protein per ml and
incubated with 10 

 

�

 

M CuSO

 

4

 

 for 20 h at 37

 

�

 

C. Oxidation was ter-
minated by adding 100 

 

�

 

M EDTA and cooling. LDL was dialyzed
and reconcentrated to 1-mg protein per ml, sterilized, and stored
at 4

 

�

 

C in PBS containing 100 

 

�

 

M EDTA. Acetylated LDL (AcLDL)
was prepared by chemical modification of LDL with acetic anhy-
dride as described by Basu et al. (24). LOOH levels for unmodi-
fied LDL (nLDL), AcLDL, and oxLDL were 25.9 

 

�

 

 12.8, 23.7 

 

�

 

2.3, and 1,528 

 

�

 

 66 nmol/mg LDL protein, respectively.

 

LDL

 

�

 

 separation

 

LDL

 

�

 

 (electronegatively charged LDL) was separated from
human total plasma LDL by ion-exchange high per formance liq-
uid chromatography (HPLC) (Bio-Rad) with a UNO Q1 column
(Bio-Rad) (23). After HPLC, the LDL

 

�

 

 fraction was purified and
salts were removed by centrifugal dialysis, using a 30,000 molecu-
lar weight cutoff filter. The samples were then diluted in PBS
and added to cultured cells. The LOOH levels for LDL

 

�

 

 were
about 700–800 nmol/mg LDL protein.

 

Measurement of H

 

2

 

O

 

2

 

 metabolism

 

H

 

2

 

O

 

2

 

 in cell culture medium was measured with a biological
oxygen monitor (Yellow Springs Instrument, Yellow Springs,
OH) after the addition of excess catalase (25). J774 macro-
phages (1–2 

 

�

 

 10

 

7

 

) were plated in a 100-mm dish with 20 ml of
RPMI medium 1640 (Life Technologies, Rockville, MD). An ini-
tial concentration of 100 

 

�

 

M H

 

2

 

O

 

2

 

 was added to medium and
samples were taken every 5 min to measure the remaining H

 

2

 

O

 

2

 

concentration. A calibration curve was made with H

 

2

 

O

 

2

 

 reagent
for each experiment.

 

Lipid peroxide measurement

 

LOOH levels in LDL were determined by the modified
method of Auerbach, Kiely, and Cornicelli (26). Samples were
added to a mixed solution containing leukomethylene blue
(LMB) and hemoglobin for 1 h. Oxidation of LMB to methylene
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blue was monitored at 650 nm, using a microplate reader (Cam-
bridge Technology, Cambridge, MA). 

 

t-

 

BuOOH was used as cali-
bration standard.

 

Thiobarbituric acid reaction (TBAR) measurement

 

The TBAR assay is a modified method of Buege and Aust
(27). Samples (0.5 ml) were mixed thoroughly with 1 ml of a
solution containing 15% (w/v) trichloroacetic acid, 0.375%
(w/v) TBA, and 0.25 N hydrochloric acid, and heated for 15
min. After cooling, the flocculent precipitates were removed by
centrifugation. The absorbance of the sample was determined
at 535 nm against a blank containing all reagents except the
LDL samples. The malondialdehyde (MDA) equivalent concen-
tration was calculated with an extinction coefficient of 1.56 

 

�

 

10

 

5

 

 M

 

�

 

1

 

 cm

 

�

 

1

 

.

 

In vitro GSH depletion assay

 

The in vitro GSH depletion assay is modified from the
method of Roveri, Maiorino, and Ursini (28). Cells were lysed in
PBS by ultrasonication and centrifuged at 2,000 rpm for 5 min.
NADPH depletion rates were measured at 340 nm for 8 min, using
a Beckman DU-650 spectrophotometer, in a reaction mixture
containing 0.2 mM NADPH, 0.1% Triton X-100, 0.1 M Tris
buffer containing 5 mM EDTA, 1 unit of GSH reductase, 3 mM
GSH, and cell lysate (derived from 100 

 

�

 

g of cell protein) to
which 200 

 

�

 

M 

 

t

 

-BuOOH was added as a substrate. Basal rates of
depletion were obtained with all reagents except cell lysate.
GSH depletion rates are calculated by assuming that 1 mol of
NADPH depletion is equivalent to 2 mol of GSH.

 

LDL uptake by macrophages

 

Measurement of LDL uptake by J774 cells was accomplished
with fluorescently labeled LDL, referred to as DiI-LDL. DiI-LDL
was prepared by incubating LDL (500 

 

�

 

g/ml) with DiI in dimethyl
sulfoxide to reach a final concentration of 50 ng of DiI per 

 

�

 

g
LDL. Cells (2–3 

 

�

 

 10

 

5

 

) were then incubated with 10 

 

�

 

g of DiI-LDL
per ml at 37

 

�

 

C for 3 h. The cell monolayer was washed twice with
PBS, followed by addition of 1.2 ml of isopropyl alcohol. Plates
were shaken gently at room temperature in the dark for 30 min.
The sample extracts were measured in a fluorometer (Hitachi,
San Jose, CA; excitation, 523 nm; emission, 563 nm). The amount
of uptake was corrected on the basis of cell protein content.

 

Enzyme assays

 

GPx activity was determined by spectrophotometrically moni-
toring the oxidation of NADPH at 340 nm. One unit of activity
was defined as the amount of enzyme catalyzing the oxidation
of 1 nmol of NADPH per min. Assay mixtures (1 ml) contained
3 mM GSH, 0.2 mM NADPH, 1 unit of GRD, 0.5% Triton X-100,
and 100 

 

�

 

g of cell protein in 100 mM Tris buffer containing 5
mM EDTA (pH 7.4). 

 

t

 

-BuOOH was used as a substrate. Be-
cause 

 

t

 

-BuOOH is a common substrate for both cytosolic glu-
tathione peroxidase (cGPx) and phospholipid glutathione per-
oxidase (PHGPx), this assay represents total GPx activity.

GRD activity was determined by monitoring the decrease in ab-
sorbance at 340 nm during the reduction of GSSG by NADPH (29).
Reaction mixtures contained 0.1 M potassium phosphate buffer
(pH 7.6), 1 mM GSSG, 0.1 mM NADPH, and 100 

 

�

 

g of cell protein.
Catalase activity was determined by monitoring H

 

2

 

O

 

2

 

 con-
sumption at 240 nm. Assay mixtures (0.5 ml) included 300 

 

�

 

l of
0.05 M potassium phosphate buffer containing 1 mM DTPA, 100

 

�

 

g of cell protein, and 100 

 

�

 

l of 100 mM H

 

2

 

O2. Sample absor-
bance was monitored every 0.2 s for 2 min. Results were plotted
semilogarithmically against time (ε240 nm 	 43.6 M�1 cm�1). Cat-
alase activity was determined from the slope of the plot divided
by cell protein (k� 	 s�1 mg�1).

Measurement of intracellular GSH
Intracellular GSH and GSSG content were determined by

HPLC according to the method of Fariss and Reed (30). Briefly,
cell samples after various treatments were washed twice with ice-
cold PBS and collected in 1 ml of 10% perchloric acid contain-
ing 2 mM EDTA and 7.5 nmol of �-GGA (Bachem Bioscience) as
an internal standard. After centrifugation, supernatants were
collected, derivatized with 2,4-dinitrofluorobenzene, and ana-
lyzed for GSH, GSSG, and �-GGA content by HPLC.

Western-blot analysis
J774A.1 macrophages were washed twice with Dulbecco’s PBS,

scraped, and collected by low speed centrifugation. The cell pellet
was lysed in 150 �l of 0.3% sodium dodecyl sulfate-50 mM Tris
(pH 8.0)-1% 2-mercaptoethanol and then treated with 10 �l of
RNase/DNase solution [DNase (1 mg/ml), RNase A (0.5 mg/
ml), 500 mM Tris (pH 6.8), and 50 mM MgCl2] for 1 min. The
samples were mixed with 5� Laemmli sample loading buffer
(4:1), heated for 2 min at 100�C, and separated electrophoreti-
cally on a 12% polyacrylamide gel (Bio-Rad). Proteins were trans-
ferred to Immobilon P membranes (Millipore) at 100 V for 1 h.
The membrane was blotted with 5% nonfat dry milk in Tris-buff-
ered saline with Tween 20 for 1–2 h. Rabbit anti-mouse cGPx or
PHGPx antibody (provided by Dr. F. Ursini, Department of Bio-
logical Chemistry, University of Padua, Italy) was diluted 1:1,000
and incubated with membranes for 2 h at 37�C. Rabbit anti-rat �-
GCS-HS antibody (provided by Dr. H. Forman, Department of En-
vironmental Health Sciences, School of Public Health, University
of Alabama at Birmingham, Birmingham, AL) was diluted 1:5,000
and incubated with membranes overnight at 4�C. The guidelines
provided in the enhanced chemiluminescence Western blotting
kit for chemiluminescence detection with Hyperfilm were fol-
lowed. Protein bands were quantified by densitometry.

MTT cytotoxicity assay
Cell viability was determined spectrophotometrically by mea-

suring mitochondrial dehydrogenase activity (31). Briefly, cells
were plated on a 48-well dish (Corning) and treated with 200
�M H2O2. After treatment, stock MTT solution (5 mg/ml) was
added to each well at 10% of culture medium volume, and incu-
bated for 2 h at 37�C. After the incubation, the original medium
was removed and dissolved in isopropanol for 30 min. Absor-
bance was measured at 570 nm, using a microplate reader. The
extent of cytotoxicity was determined from the number of surviv-
ing cells as calculated from the amount of formazan produced in
control and treated cells.

Statistical analysis
Data are expressed as means � SE unless indicated otherwise

and evaluated by Student’s t-test. For all analyses, P 
 0.05 is con-
sidered significant. The numbers of samples used in each exper-
iment are indicated under Results or in the figure legends.

RESULTS

Changes in GSH levels after oxLDL treatment
To study the effects of oxLDL on intracellular GSH, we

measured the changes in GSH levels over a 24-h period in
J774A.1 macrophages treated with a 200-�g/ml concen-
tration of oxLDL, LDL�, AcLDL, and nLDL. A marked
decrease in GSH was observed within 3 h after oxLDL
treatment, followed by a recovery to basal levels at 6 h and
an adaptive increase by 24 h (Fig. 1). GSH continued to
increase to 30 h of incubation and then gradually de-
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creased to basal levels (data not shown). Mildly oxidized
LDL (LDL�) (23), which is not a ligand for the scavenger
receptor (32), produced a small and nonsignificant initial
decrease and subsequent increase in GSH levels. In contrast,
nLDL had no effect on intracellular GSH levels. AcLDL
caused no GSH depletion but elicited a transient 30% in-
crease between 3 and 6 h. Both the initial depletion and
adaptive increase in GSH were oxLDL dose dependent as
shown in Fig. 2. No severe toxicity has been found at this
level of oxLDL treatment (data not shown), indicating the
decrease in GSH was not due to compromised cell metab-
olism. Together these data suggest that only oxidatively
modified LDL is able to induce significant GSH depletion
and an adaptive increase in macrophages.

OxLDL-induced GSH depletion 
is primarily due to LOOH

LDL lipid peroxidation leads to formation of LOOH and
their degradation products, aldehydes, such as MDA. We

considered that these two components might be primarily
responsible for GSH depletion. To determine the contribu-
tion of these components in oxLDL-induced GSH changes,
ebselen [2-phenyl-1,2-benzisoselenazol-3(2H)-one] was
used to reduce peroxides in oxLDL. Ebselen, an organic
seleno compound with GPx-like activity (33), has been
shown to effectively reduce oxLDL-associated peroxides.
Pretreatment of oxLDL with 50 �M ebselen and 3 mM
GSH for up to 30 min reduced the peroxide (LOOH) con-
tent by greater than 90%, with only a minor effect on
MDA levels (Fig. 3A). Ebselen treatment did not affect
oxLDL uptake by macrophages as shown in Fig. 3B, and
uptake of a similar amount of DiI-oxLDL was found for
ebselen-treated and untreated oxLDL by macrophages.

Ebselen-treated oxLDL at a dose of up to 200 �g/ml
caused neither the initial GSH depletion nor the subse-
quent adaptive GSH increase (Fig. 4A). These effects were
not likely due to residual ebselen activity in the oxLDL, be-
cause the GPx-like activity of potentially contaminating eb-
selen was about 10 nmol/min/mg LDL, less than 10% of
the GPx level in macrophages under normal culture condi-
tions. LDL isolated from various plasma pools was oxidized
by Cu2�, using the same procedure, and LOOH levels in
oxLDL ranged from 1,300 to �2,800 nmol/mg LDL protein
(with a median value of �1,600 nmol). By contrast there
was only 23.7 � 2.3 nmol of LOOH per mg LDL protein in
AcLDL. The oxLDL- and AcLDL-induced GSH changes
were plotted against the LOOH concentrations in the vari-
ous preparations that were added to the cells at an equiva-
lent oxLDL or AcLDL concentration of 200 �g/ml. A strong
correlation (R 	 �0.869) was found between GSH depletion
and the oxLDL-associated LOOH concentration (Fig. 4B).
This suggests that LOOH-induced GSH oxidation may be
responsible for GSH depletion. However, a relatively weak
correlation (R 	 0.427) was found between the GSH adap-
tive increase and LOOH levels (data not shown), suggest-
ing that more complex mechanisms may be involved in per-
oxide-induced GSH redox changes and GSH de novo
synthesis. Together these findings suggest that the uptake
of oxLDL-associated LOOH induces the macrophage GSH
depletion that could in part trigger the de novo synthesis.

Induction of �-GCS-HS protein by oxLDL
Intracellular GSH levels are mainly regulated by the ac-

tivity of rate-limiting enzyme �-GCS (34). Western analysis

Fig. 1. Time course of macrophage intracellular GSH changes
following low density lipoprotein (LDL) treatments. J774A.1 mac-
rophages (2 � 106 cells/well) were treated with 200 �g/ml oxLDL
(solid squares), LDL� (solid diamonds), AcLDL (open squares),
and nLDL (open circles) for up to 24 h in 10% fetal bovine serum-
Dulbecco’s modified Eagle’s medium (FBS-DMEM). Intracellular
GSH levels were determined as described in Materials and Meth-
ods. The GSH content is expressed as a percentage relative to un-
treated controls. Data represent means � SE (%) for at least three
independent experiments.

Fig. 2. Dose-dependent effects of oxLDL on GSH
depletion and adaptive increase. J774A.1 macro-
phages (2 � 106 cells per well) were treated with
oxLDL at 0, 10, 50, 100, and 200 �g/ml for 3 or 24 h.
A: OxLDL-induced GSH decrease at 3 h. B: OxLDL-
induced GSH increase at 24 h. The GSH content is ex-
pressed as the mean � SE (%) of untreated controls
for three independent analyses, with duplicate mea-
surements at each time point.
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of �-GCS-HS protein expression was performed to deter-
mine whether the GSH increases produced by oxLDL were
due to �-GCS induction. When cells were treated with
oxLDL at 200 �g/ml, a transient increase in �-GCS-HS
protein was observed as early as 3 h, with a maximum 4- to
5-fold increase by 10 h followed by a sustained 2-fold pro-
tein induction at 24-h post-treatment (Fig. 5A). The in-

duction of �-GCS-HS enzyme appears to account for the
oxLDL-induced adaptive increase in GSH after its initial
depletion as shown in Fig. 1. In contrast, nLDL had only a
minor effect on �-GCS-HS expression. AcLDL, and ebselen-
pretreated oxLDL, also induced an increase in �-GCS-HS
levels, with similar but truncated patterns of expression over
time that were approximately 55% and 35% less, respectively,

Fig. 3. The effects of ebselen pretreatment on oxLDL and uptake of oxLDL by macrophages. A: OxLDL was pretreated with 50 �M eb-
selen plus 3 mM GSH for 30 min at 37�C, and then briefly washed with phosphate-buffered saline (PBS), using a microfilter to remove ex-
cess ebselen and GSH. The LOOH and MDA levels were determined as described in Materials and Methods. LOOH levels in nLDL and
oxLDL were 25.9 � 12.8 and 1,528 � 66 nmol/mg LDL protein, respectively, and malondialdehyde (MDA) levels in nLDL and oxLDL were
1.3 � 0.12 and 12.5 � 3.6 nmol/mg LDL protein, respectively. Data represent means � SE (%) of three independent experiments. B: DiI-
LDL was prepared by incubating oxLDL (500 �g/ml) with DiI to reach a final concentration of 50 ng of DiI per �g LDL. Cells (2–3 � 105)
were then incubated with 10 �g of DiI-LDL per ml at 37�C for 3 h as described in Materials and Methods. LDL uptake is expressed as micro-
grams of LDL protein per 105 cells in 3 h. AcLDL was used as a positive control for scavenger receptor-mediated LDL uptake. Data repre-
sent means � SE for two independent experiments, with triplicate measurements for each sample.

Fig. 4. Effects of ebselen-treated oxLDL on macrophage GSH status and the correlation between oxLDL LOOH content and GSH deple-
tion. A: Effects of ebselen-treated oxLDL on macrophage GSH status. J774A.1 macrophages (2 –3 � 106/well) were treated with oxLDL at
200 �g/ml (n 	 4) (white columns) and ebselen-pretreated oxLDL (n 	 5) (gray columns) for 3 or 24 h. Data are expressed as means � SE
(%) for three independent experiments. The basal GSH level is considered as 100%. * P 
 0.05, compared with 0-h untreated control; ** P 

0.05, compared with 3-h oxLDL treatment; *** P 
 0.05, compared with 24-h oxLDL treatment. B: Correlation between oxLDL LOOH
content and GSH depletion. LDL isolated from various plasma pools was modified by the same procedure in more than five separate ex-
periments. The LOOH content for oxLDL ranges from 1,300 to �2,800 nmol/mg LDL protein, with a median value of �1,600 nmol/mg
LDL protein, whereas the LOOH content for AcLDL was only 23.7 � 2.3 nmol/mg LDL protein. GSH depletion (% of nontreated con-
trol) was plotted against LOOH concentrations that were equivalent to an oxLDL or AcLDL concentration of 200 �g/ml. Data are ex-
pressed as the mean of duplicate measurements for each sample.
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than oxLDL treatment at 10 h (Fig. 5B). These data suggest
a peroxide-mediated de novo GSH synthesis via induction
of �-GCS after exposure to oxLDL. However, other alterna-
tive pathways such as the scavenger receptor-mediated sig-
naling events may also contribute to enzyme induction.

OxLDL-induced macrophage ROS production
It is well known that �-GCS activity and transcription

can be affected by a variety of factors that produce reac-
tive oxygen species (ROS) (35). To determine whether
oxLDL-induced ROS production in J774 macrophages cor-
responded to the induction of GSH synthesis, cells were
treated with a 200-�g/ml concentration of nLDL, AcLDL,
and oxLDL for 3 h, and then labeled with 100 �M DCFH-
DA for another 30 min, followed by measurement of DCF
absorbance at 502 nm. nLDL, AcLDL, and oxLDL treat-
ment induced DCF production by 106 � 5.2%, 125 �
9.9%, and 136 � 13.5%, respectively, relative to the sponta-
neous rate of DCF oxidation in cells as shown in Fig. 6.
This suggests that ROS generation is associated with LDL-
scavenger receptor binding and may be involved in mac-
rophage �-GCS expression.

Characterization of antioxidant enzyme activities 
in selenium-supplemented cells

A primary function of GPx is to reduce peroxides and
prevent propagation of radical chain reactions during lipid
peroxidation. GPx detoxifies peroxides at the expense of
GSH, and thus the metabolism of peroxides can affect GSH

levels through the catalytic action of selenoperoxidases. We
investigated the effects of oxLDL and peroxides in cells
that were supplemented with selenium [Se (�) cells].

Na2SeO3 (100 nM supplementation) increased macro-
phage GPx activity, which reached maximal levels by 6–7
days (data not shown). Se (�) cells exhibited a 6-fold in-
crease in total GPx activity, which corresponded to a 4-fold

Fig. 5. OxLDL-induced �-GCS-HS protein expression. J774A.1 macrophages (2–3 � 106/well) were treated with a 200-�g/ml concentra-
tion of nLDL, AcLDL, oxLDL, and ebselen-pretreated oxLDL (Eb-oxLDL) for the incubation periods indicated. �-GCS-HS protein levels
were determined by Western-blot analysis, using anti-rat �-GCS-HS antibody. Data are expressed as a percentage relative to nontreated con-
trol (NC). A: Induction of �-GCS-HS protein by oxLDL and nLDL. Macrophages were treated with oxLDL (solid squares), nLDL (solid dia-
monds) for 0, 3, 6, 10, and 24 h. The images were quantified by densitometry. * Significantly different from nLDL at 10 h (P 
 0.05). B: �-
GCS-HS protein expression at 10 h of incubation. AcLDL (n 	 3), oxLDL (n 	 4), and Eb-oxLDL (n 	 4). ** Significantly different from
NC (P 
 0.05); *** significantly different from AcLDL (P 
 0.05).

Fig. 6. LDL-induced ROS production in J774 macrophages.
J774A.1 macrophages were plated in a 24-well dish (2 –3 � 105/
well) and treated with a 200-�g/ml concentration of nLDL, AcLDL,
and oxLDL for 3 h, and then labeled with DCFH-DA for 30 min as
described in Materials and Methods. The absorbance of dichlorofluo-
rescein (DCF) at 502 nm was measured spectrophotometrically, and
the distribution of DCF in cells was expressed as a percentage rela-
tive to control. * Significantly different from control (P 
 0.05).
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increase in cGPx protein and �2-fold increase in PHGPx
protein, as quantified in Table 1. Other antioxidant enzyme
activities such as GRD and catalase remained unchanged.
Likewise, the intracellular GSH content was unaffected
under these conditions.

To characterize the detoxification capacity in Se (�) cells
with higher GPx activity, we measured GSH consumption
after peroxide addition to cell lysates. Se-supplemented
cells were found to be more resistant to peroxide-induced
challenge than control cells. The GSH consumption rate
for Se (�) cells was about five times faster than that of
control cells after addition of 200 �M t-BuOOH (Fig. 7A).
The faster GSH depletion rates in Se (�) cells were also
associated with 20% greater peroxide (H2O2) consump-
tion rates compared with control cells (Fig. 7B). Because
H2O2 is a substrate for both catalase and GPx, a more sub-
stantial difference may be expected for peroxide consump-
tion if substrate were limited specifically to GPx. Finally,
we compared the cytotoxicity of H2O2 in Se (�) cells ver-
sus control cells. Macrophages were treated with 200 �M
H2O2, and cell viability was determined by the MTT assay
(Fig. 7C). The extent of resistance to oxidative stress was
directly correlated with the GPx activity and the peroxide
metabolism rate of the cells.

OxLDL-induced GSH and �-GCS-HS 
changes in Se (�) cells

To determine whether Se (�) cells that display an en-
hanced capacity to eliminate H2O2 also had a greater re-
sponse in terms of oxLDL-induced GSH depletion and
repletion, we treated Se (�) cells with oxLDL (200 �g/
ml) for up to 24 h. OxLDL treatment caused a more rapid
initial decrease but a less extensive adaptive increase of
GSH levels in Se (�) cells. The rapid depletion of GSH af-
ter 3 h of treatment of Se (�) cells with oxLDL was ac-
companied by a 2-fold increase in GSSG/GSH ratios,
whereas only a 30% increase was found in control cells
(Fig. 8A). The increase in GSSG/GSH ratio was positively
correlated with cellular GPx levels (R 	 0.78) (data not
shown). Moreover, oxLDL induced a more rapid but
moderate increase in �-GCS-HS protein levels in Se (�)
cells, achieving maximum levels that were about 25%
lower than that found in control cells (Fig. 8B). Taken
together, these findings show that Se (�) cells bearing
higher GPx activities indeed detoxify more peroxides
and utilize GSH more rapidly, but this does not deter-
mine the extent of peroxide-mediated �-GCS-HS pro-
tein induction and GSH increase.

TABLE 1. Effects of selenium supplementation on antioxidant enzyme activities, protein content, and GSH levels in J774A.1 macrophages

Enzyme Activity Protein Content

Cell Type GPx GRD CAT cGPx PHGPx GSH

U/mg cell protein 1 � mg�1 
protein � s�1

relative intensity nmol/mg cell protein

Control cells 116 � 42 6.1 � 0.6 0.059 � 0.003 9.4 � 3.1 10.6 � 2.4 26.7 � 2.4
Se (�) cells 656 � 16 6.4 � 0.1 0.054 � 0.012 30 � 3.5 17.3 � 1.3 28.5 � 2.5

J774A.1 macrophages were supplemented with 100 nM Na2SeO3 in 10% FBS plus DMEM for 1 week. Data represent the mean � SE of three or
more independent experiments. GPx, total GPx activity; GRD, glutathione reductase; CAT, catalase; cGPx, cystolic GPx; PHGPx, phospholipid GPx.

Fig. 7. The in vitro GSH depletion, H2O2 metabolism, and peroxide-induced cytotoxicity (MTT assay) for Se (�) cells. A: In vitro GSH de-
pletion assay. GSH depletion was measured with cell lysates from Se (�) cells (filled diamonds) and control cells (open squares). Baseline
(open circles) represents all reagents except cell lysate. One hundred micrograms of cell protein was used for each sample and details are
provided in Materials and Methods. The arrow indicates the time of t-BuOOH (200 �M) addition. The results are representative of three
experiments. B: H2O2 metabolism by J774A.1 macrophages. Approximately 1 � 107 J774 macrophages were plated in a 100-mm dish with 20
ml of RPMI medium. An initial concentration of 100 �M H2O2 was added to the medium, and 1 ml of medium was taken every 5 min to
measure remaining H2O2 levels, using a biological oxygen monitor as described in Materials and Methods. Se (�) cells (solid diamonds);
control cells (open squares). Data represent the mean of two independent experiments. C: MTT assay for peroxide-induced cytotoxicity.
J774A.1 macrophages (2–3 � 105/well in a 48-well dish) were treated with H2O2 (200 �M) for 30 min in PBS, followed by medium changes
to 10% FBS-DMEM for an additional 24 h. Data are expressed as a percentage relative to control (NC) (n 	 3). Open column, control cells;
solid column, Se (�) cells. * Significantly different from control cells (P 
 0.05).
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DISCUSSION

The formation of oxLDL in the artery wall is thought to
be a process that initiates and accelerates atherosclerotic
lesion development (36). OxLDL appears to have a number
of properties that include the ability to stimulate monocyte/
macrophage chemotaxis, induce expression of proinflam-
matory cytokines, impair vasodilatation, and produce toxic-
ity to endothelial cells (37).

OxLDL-induced oxidative stress and GSH depletion
and repletion have been described in many cell types (19,
20, 38). These changes in GSH levels are not specific to the
heavily oxidized LDL. LDL� (a mildly oxidized LDL that is
isolated from human plasma) shows a similar but less se-
vere effect. However, LDL� is recognized mostly by nLDL
receptor (32), and thus the extent of LDL� uptake and
amount of peroxide delivered to macrophages is likely to
be much less than oxLDL, which is taken up by high ca-
pacity scavenger receptors. Similarly, nLDL and AcLDL
with low levels of oxidized lipid have little if any effect on
GSH levels. These data suggest that the oxidized lipids in
LDL particles are primarily responsible for depletion of
cellular GSH and account substantially for the induction
of GSH synthesis. The extent of GSH changes is correlated
with the level of LDL lipid oxidation and the amount of
LDL-associated oxidized lipid taken up by cells.

OxLDL-mediated GSH depletion is thought to be due
to the activity of GPx (11) and GST (12, 39), which metab-
olize oxLDL-associated LOOH or aldehydes at the expense
of GSH. However, GPx-mediated GSH oxidation is prima-
rily responsible for rapid GSSG formation. Although part
of the GSSG formed can be reduced back to GSH through
the action of GRD (40), the rate of GSH oxidation could
exceed the rate of GSSG reduction, especially when GRD
is inhibited by decreased supply of reducing equivalents.
The resulting increase in GSSG/GSH ratios may have at

least two consequences: 1) a shift in the thiol redox status
may activate certain oxidant-responsive transcriptional el-
ements (41, 42); and 2) GSSG can be preferentially se-
creted from cells, depleting the total nonprotein thiol
pool. Our findings show that an increased GSSG/GSH
ratio is positively correlated with cellular GPx levels after a
3-h treatment with oxLDL (Fig. 8A), suggesting that GSSG
accumulation is due to GPx-mediated reduction of perox-
ides. Because GSSG is actively excreted from cells (21),
current methods may underestimate the amount of GSSG
produced and the actual amount of GSSG formed in re-
sponse to oxidative stress may have been greater than indi-
cated. Nevertheless, the present data show that the extent
of GSH depletion and synthesis induction by oxLDL is not
strictly related to increase on the GSSG/GSH ratios.

Ebselen pretreatment of oxLDL essentially abolished
the peroxides but not the aldehydes in oxLDL (Fig. 3A).
The substrates for ebselen include not only H2O2 and fatty
acid hydroperoxides, but also hydroperoxides of more
complex lipids such as phospholipid and cholesteryl ester
hydroperoxides (43). Peroxide-depleted oxLDL did not
significantly affect GSH levels. Moreover, the correlation
between oxLDL-associated LOOH and the extent of GSH
depletion further emphasizes the role of peroxides in
oxLDL-induced GSH depletion. Under similar conditions,
oxLDL-associated aldehydes alone might not be suffi-
cient to induce GSH depletion and adaptive response. 4-
Hydroxynonenal (HNE) has been reported to induce de-
pletion of GSH followed by an adaptive increase in THP-1
cell (19). Estimation of the HNE levels in oxLDL based on
the content of MDA suggests that the levels of reactive
aldehydes were insufficient to induce the GSH depletion
by HNE as shown in previous studies. Because oxLDL-
associated HNE is taken up by scavenger receptors, using
pure HNE reagent may not represent the same exposure
conditions as produced with oxLDL.

Fig. 8. Effects oxLDL on Se (�) cell GSH and �-GCS-HS protein content. A: Se (�) cells (filled diamonds) (n 	 3) and control cells
(filled squares) (n 	 4) (2–3 � 106/well) were treated with oxLDL (200 �g/ml) for up to 24 h. The GSH content is expressed as a per-
centage relative to control. Inset: The GSSG/GSH ratio (as a percentage of untreated control) after 3 h of oxLDL treatment. The basal
ratios of GSSG/GSH were 0.04 and 0.05 in control and Se (�) cells, respectively. * P 
 0.05 compared with control cells. Data are ex-
pressed as means � SE (%). B: Maximum induction of �-GCS-HS protein in Se (�) cells and control cells by oxLDL at 10 h of treatment.
�-GCS-HS protein levels were determined by Western analysis, using anti-rat �-GCS-HS antibody. Solid column, control cells (n 	 4); open
column, Se (�) cells (n 	 3).

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Shen and Sevanian OxLDL-associated lipid hydroperoxide and GSH synthesis 821

The intracellular GSH levels are mainly regulated by ac-
tivity of rate-limiting enzyme �-GCS (34). �-GCS is a het-
erodimer consisting of a catalytic heavy subunit containing
all substrate-binding sites and a regulatory subunit that
modulates the affinity of heavy subunit for substrate and
inhibitors. �-GCS-HS and �-GCS-LS are encoded by sepa-
rate genes (44). The absolute amounts and ratios of each
subunit vary among different normal human tissues (45).
In most cases, increases in �-GCS-HS levels have been
shown to coincide with elevation of GSH levels (46), and
coordinate upregulation of regulatory subunit also has
been found under oxidative stress (47). However, in HeLa
cells, overexpression of the �-GCS-LS alone appears to be
sufficient to increase �-GCS activity and GSH levels (48),
suggesting a role for both subunits in GSH synthesis. For
rat or human �-GCS, about 30%–70% is stabilized by an
intersubunit disulfide bond as well as noncovalent bonds
(49). The formation of this intersubunit disulfide bond
may be regulated by cellular redox status as influenced by
depletion or repletion of GSH (50). Thus, the increased
oxidative status following low level peroxide challenge
could induce rapid increases in net GSH levels by means
of relieving feedback inhibition on �-GCS. However, once
the GSH depletion or GSSG/GSH ratio reaches a certain
level, it could trigger the de novo synthesis of GSH. What
this level is has not been specified and may vary among
different cells. In this study an oxLDL-induced GSH adap-
tive increase was found to be associated with a transient in-
crease in �-GCS-HS protein expression that coincided with
increased de novo GSH synthesis, representing a cellular
protective response against oxLDL-induced oxidative stress.
The decrease in �-GCS-HS protein content at 24 h may re-
flect a feedback inhibition arising from the elevated GSH.
The continuous increase in GSH levels up to 24 h despite
an attenuation of enzyme induction could, in part, be ex-
plained by an accumulation of GSH due to an imbalance
between GSH production and limited GSH degradation
as catalyzed by GGT. Our findings are consistent with the
article by Kirlin et al. (51), showing that a minor GSH redox
change in benzyl isothiocyanate-treated HT29 cells (12
mV of oxidation for the GSH pool) was sufficient to in-
duce �-GCS-HS mRNA synthesis. The time course and ex-
tent of GSH changes were similar to the oxLDL-induced
changes found in our study. However, detailed relation-
ships between GSH redox change and �-GCS induction
(and their relationship to peroxide dose vs. oxLDL dose)
need further evaluation and may vary among different cell
types, as does the content of GSH. Also, a combination of
oxidant and receptor-mediated signaling events may ac-
count for the oxLDL dose-dependent induction of �-GCS.

AcLDL and ebselen-treated oxLDL, both of which con-
tain low LOOH levels, induced a small to moderate in-
crease in �-GCS-HS protein expression that was associated
with small changes in GSH levels, and neither AcLDL nor
ebselen-treated oxLDL caused a significant depletion of
GSH. These suggest that the extent of peroxide-depen-
dent GSH depletion is not the only factor determining the
extent of �-GCS induction. It is possible that peroxide-
mediated GSH depletion is sufficient but not essential to

induce de novo GSH synthesis; however, other peroxide-
mediated reactions may facilitate formation of the inter-
subunit disulfide bond of �-GCS and diminish the feed-
back inhibition of GSH.

The rate of de novo GSH synthesis is also determined
by the availability of substrates. Cysteine, the rate-limiting
substrate, is taken up by cells as cystine through the Na�-
independent X c

� system, and once inside the cell, is rap-
idly reduced back to cysteine. OxLDL has been reported
to increase cystine transport and GSH levels in human
umbilical artery smooth muscle cells (38). Peroxides such
as t-BuOOH and H2O2 also show similar effects on cystine
transport in human erythrocytes (52) and human umbili-
cal vein endothelial cells (HUVEC) (53). It is, therefore,
plausible that oxLDL-associated hydroperoxides could
also affect cystine transport and substrate availability for
de novo GSH synthesis.

The promoter region of the �-GCS-HS gene contains
binding sites for oxidative stress response elements such
as nuclear factor �B, AP-1, or TRE (54). OxLDL induction
of �-GCS-HS mRNA has been shown to be mediated by
the expression of c-Fos/c-Jun and activation of AP-1 (20).
This induction also takes place when using hydroperoxy-
eicosatetraenoic acid derivatives of arachidonic acid (55).
In a similar manner, LOOH from oxLDL as well as perox-
ides generated inside cells (either through lipid peroxida-
tion or by H2O2 formation) may activate AP-1. It is plausible
that oxLDL-associated LOOH induces GSH depletion or
GSSG accumulation by disturbing the cellular thiol redox
status and signaling AP-1 activation and translocation
through the induction of stress-activated c-Jun N-terminal
protein kinase (56). AP-1 binding to its TRE consensus
regions and the initiation of �-GCS gene transcription
may occur because of the reduced environment in the
cell nucleus provided by thioredoxin, nuclear redox
protein Ref-1 (57), or the possible redistribution of GSH
(58, 59).

GPx are considered major cellular antioxidant enzymes.
Se (�) cells, which possess higher GPx activities, exhib-
ited faster peroxide (H2O2) consumption rates. The rapid
induction of cGPx as opposed to PHGPx has been well
documented after selenium supplementation (60). As
shown in this study, the enhanced peroxide detoxification
capacity of Se (�) cells was linked to a more rapid GSH
depletion and higher GSSG accumulation. It is reasonable
that in Se (�) cells the rapid reduction of peroxides and
greater capacity to metabolize administered or internally
generated peroxides would result in lower concentrations
of residual peroxides and affect the degree of oxidative
signaling of �-GCS expression.

The generation of ROS by vascular cells takes place
after the binding of LDL particles to scavenger receptors
such as CD36 (61) and LOX-1 (62). AcLDL, nLDL, and
oxLDL have all been shown to increase macrophage CD36
mRNA and protein expression, with oxLDL causing the
greatest induction (63). AcLDL and oxLDL were found to
induce ROS production in J774 macrophages (Fig. 6).
The content of LOOH in AcLDL was comparable to that
in ebselen-treated oxLDL and much lower than that found
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in oxLDL, suggesting that ROS generation via scavenger
receptor-mediated signaling may also contribute to mac-
rophage �-GCS-HS protein induction. Indications that
the �-GCS gene can be induced by a number of stimuli
that produce ROS (35, 64, 65) point to ROS as contribut-
ing factors for �-GCS induction that is regulated by AP-
1. Receptor-associated ROS formation is, however, small
compared with that produced by peroxide-enriched
oxLDL, which may involve numerous oxidant-sensitive re-
sponses, including GSH depletion, that induce de novo
GSH synthesis.
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