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(Background: The GSH-dependent antioxidant system reduces atherosclerosis.

Results: Inhibition of GSH production by BSO enhanced CD36 translational efficiency to induce CD36 protein expression and
lipid accumulation that was blocked by antioxidant (enzyme).

Conclusion: Alterations of cellular GSH and GSH/GSSG status regulate macrophage CD36 expression and cellular oxLDL

Significance: Our study demonstrates an important anti-atherogenic function of the GSH-dependent antioxidant system.

N

The glutathione (GSH)-dependent antioxidant system has
been demonstrated to inhibit atherosclerosis. Macrophage
CD36 uptakes oxidized low density lipoprotein (oxLDL) thereby
facilitating foam cell formation and development of atheroscle-
rosis. It remains unknown if GSH can influence macrophage
CD36 expression and cellular oxLDL uptake directly. Herein we
report that treatment of macrophages with L-buthionine-S,R-
sulfoximine (BSO) decreased cellular GSH production and
ratios of GSH to glutathione disulfide (GSH/GSSG) while
increasing production of reactive oxygen species. Associated
with decreased GSH levels, macrophage CD36 expression was
increased, which resulted in enhanced cellular oxLDL uptake. In
contrast, N-acetyl cysteine and antioxidant enzyme (catalase or
superoxide dismutase) blocked BSO-induced CD36 expression
as well as oxLDL uptake. In vivo, administration of mice with
BSO increased CD36 expression in peritoneal macrophages and
kidneys. BSO had no effect on CD36 mRNA expression and pro-
moter activity but still induced CD36 protein expression in
macrophages lacking peroxisome proliferator-activated recep-
tor vy expression, suggesting it induced CD36 expression at the
translational level. Indeed, we determined that BSO enhanced
CD36 translational efficiency. Taken together, our study dem-
onstrates that cellular GSH levels and GSH/GSSG status can
regulate macrophage CD36 expression and cellular oxLDL
uptake and demonstrate an important anti-atherogenic func-
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tion of the GSH-dependent antioxidant system by providing a
novel molecular mechanism.

Formation of lipid-laden macrophage/foam cells is the initial
and critical step in the development of atherosclerosis, which is
a major cause of coronary heart disease. Disruption of glutathi-
one (GSH) biosynthesis, metabolism, and functions has been
implicated in the development of atherosclerosis (1-4). The
decreased cellular GSH levels can result in overproduction of
cellular reactive oxygen species (ROS),? particularly by macro-
phages, which can cause multiple biological alterations such as
increased production of inflammatory molecules and oxida-
tively modified products like the oxidized low-density lipopro-
tein (oxLDL). Uptake and internalization of oxLDL by macro-
phages can enhance cellular lipid accumulation and foam cell
formation (5).

CD36 has been defined as a receptor for oxLDL and plays an
important role in foam cell formation and development of ath-
erosclerosis (6, 7). The uptake of oxLDL by human monocyte-
derived macrophages is blocked by anti-CD36 antibody by 50%
(8). Monocytes isolated from humans lacking functional CD36
expression exhibit significantly decreased capacity for oxLDL
binding (9). In animal models, genetic deletion of CD36 expres-
sion reduces foam cell formation and inhibits the development
of atherosclerosis in apoF deficient (apoE /") mice (10).

We previously reported that oxLDL induced macrophage
CD36 expression, which suggests a positive feedback loop driv-
ing foam cell formation by oxLDL (11). Studies on the mecha-
nism(s) responsible for oxLDL-induced CD36 expression have
discovered the critical role of peroxisome proliferator-activated

3 The abbreviations used are: ROS, reactive oxygen species; oxLDL, oxidized
low-density lipoprotein; PPAR, peroxisome proliferator-activated recep-
tor; RXRe, retinoid X receptor o; GCL, glutamate-cysteine ligase; GPx-1,
glutathione peroxidase-1; BSO, L-buthionine-S,R-sulfoximine; NAC,
N-acetyl cysteine; CAT, catalase; SOD, superoxide dismutase; L-NMMA, N©-
monomethyl-L-arginine; pSTAT1, phosphorylated STAT1.
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receptor y (PPARY), a ligand-activated transcription factor, in
regulating CD36 transcription (12, 13). Activation of PPARy by
ligand results in formation of a heterodimer of PPARy with
another transcription factor, retinoid X receptor a (RXRa).
The complex of PPARy/RXRa binds to the PPARYy-responsive
element in the proximal region of the promoter in target genes
including CD36 to initiate their transcription (14). Two of the
major oxidized lipid components in oxLDL, 9-hydroxyocta-
decadienoic acid (9-HODE) and 13-HODE, have been identi-
fied as the endogenous ligands for PPAR7y (13), suggesting that
oxLDL induces macrophage CD36 expression and foam cell
formation in a PPARYy-dependent manner. CD36 expression
can also be regulated by cellular glucose levels by a translational
mechanism (15).

GSH (glutamate-cysteine-glycine) is a tripeptide thiol and is
produced by most mammalian cells at up to millimolar concen-
trations. Most cellular GSH (80— 85%) is present in cytoplasm
because of its hydrophilic property (16). In addition to being a
co-factor for various enzymatic reactions, GSH can function as
an antioxidant to reduce cellular ROS levels. The GSH-depen-
dent antioxidant system has been demonstrated to play an
important role in regulating foam cell formation and develop-
ment of atherosclerosis. Glutamate-cysteine ligase (GCL) is the
rate-limiting enzyme in regulating cellular GSH production
(17). Genetic deletion of GCL expression enhances atheroscle-
rosis, whereas high expressing GCL inhibits atherosclerosis in
apoE deficient (apoE~’~) mice (1). Glutathione peroxidase-1
(GPx-1) is an antioxidant enzyme that uses GSH as the sub-
strate to convert hydrogen peroxide or lipid peroxides into
water or the respective alcohols. Deficiency of GPx-1 expres-
sion accelerates progression of atherosclerosis (2, 18). Glutathi-
one reductase maintains cellular GSH homeostasis by catalyz-
ing reduction of glutathione disulfide (GSSG) into GSH using
NADPH as the reducing cofactor. Increased macrophage glu-
tathione reductase expression also inhibits atherosclerosis in
LDL receptor-deficient (LDLR /") mice (3).

Despite the above findings, the underlying mechanisms
responsible for the anti-atherogenic properties of the GSH-de-
pendent antioxidant system have not been fully elucidated.
Because of the importance of CD36 in macrophage oxLDL
uptake and foam cell formation, in this study we investigated if
inhibition of macrophage GSH production by a potent specific
GCL inhibitor, L-buthionine-S,R-sulfoximine (BSO) (19), or
regulation of cellular GSH/GSSG status can directly mediate
macrophage CD36 expression and cellular oxLDL uptake. We
also attempted to determine the involved mechanisms.

Experimental Procedures

Materials—The assay kit for GSH/GSSG was purchased
from Beyotime (Nantong, China). The oxLDL ELISA kit
was purchased from Cusabio Biotech (Wuhan, China).
Lipofectamine™ 2000 was purchased from Invitrogen. The
following antibodies were purchased from different sources,
respectively: rabbit anti-CD36, Novus Biochemicals (Littleton,
CO); mouse anti-puromycin, Millipore (Temecula, CA); rabbit
anti-GAPDH and phosphorylated STAT1 (pSTAT1;Tyr-701),
Santa Cruz Biotechnology (Dallas, TX); rabbit anti-PPARY,
Abcam (Cambridge, MA); rabbit anti-STAT1, Proteintech
SASBMB
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Group (Chicago, IL). Low-density lipoprotein (LDL) was pur-
chased from Athens Research and Technology, Inc. (Athens,
GA). OxLDL was prepared as described (11). All other reagents
were purchased from Sigma except as indicated.

Cell Culture—RAW?264.7 cells, a murine macrophage cell
line, were purchased from ATCC (Rockville, MD) and cultured
in RPMI 1640 medium containing 10% fetal bovine serum and
50 pg/ml penicillin and streptomycin. Peritoneal macrophages
were collected from mice as described (20), and purity was
determined by immunofluorescent staining with anti-
MOMA-2 antibody. Cells received treatment in serum-free
medium.

In Vivo Study—The protocol for animal study was approved
by the Animal Ethics Committee of Nankai University and con-
forms to the Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health. C57BL/6 wild
type and apoE /™ mice were purchased from the Animal Cen-
ter of Nanjing University (Nanjing, China). To generate macro-
phage PPARvy-deficient mice, the homozygous floxed (+/+)
PPARvy mice (kindly provide by Dr. S. Duan) crossbred with the
transgenic mice containing the CRE gene under the control of
the murine M lysozyme promoter (CRE-M lysozyme (+/+))
mice (21). Therefore, the control mice are flox™ " /CRE™/~,
and the conditional macrophage PPARy knock-out mice are
flox™/*/CRE*’/~. The peritoneal macrophages isolated from
these two types of mice are defined as PPARy™" and
MacPPARYy KO cells, respectively.

To determine the effect of decreased GSH on CD36 expres-
sion in vivo, apoE_/ ~ mice were fed normal chow or normal
chow plus BSO (50 mg/100 g of food) for 1 week. Based on the
food consumption, the dose of BSO was estimated to be ~0.25
mmol/kg (bodyweight)/day. At the end of treatment, all of the
mice were anesthetized and euthanized in a CO, chamber fol-
lowed by collection of peritoneal macrophages and kidneys.
The cells were lysed while a piece of kidney was homogenized in
a lysis buffer (20 mm Tris, pH 7.5, 137 mm NaCl, 2 mm EDTA,
1% Triton X-100, 25 mm B-glycerophosphate, 2 mm sodium
pyrophosphate, 1 mm phenylmethylsulfonyl fluoride, 10 ug/ml
aprotinin/leupeptin, 100 mm NaVO,). The cellular lysate or
kidney homogenate was centrifuged for 10 min at 16,000 X gat
4 °C. The supernatant was transferred into a new test tube as
total protein extract for determination of protein expression by
Western blot.

Determination of Cellular GSH and GSSG Levels—Cellular
GSH and GSSG levels were determined by enzymatic recycling
method (22) using assay kits. The cell samples for GSH/GSSG
assay were prepared as follows; after treatment and washing
with cold Ca®>*/Mg>" -free PBS, macrophages were suspended
in ice-cold extraction buffer (1% Triton X-100 and 0.6% sul-
fosalicylic acid in 0.1 m K;PO,, 5 mm EDTA, pH 7.5) and
homogenized. A portion of the homogenate was saved for
determination of the cellular protein content, which was used
to normalize cellular GSH and GSSG levels. The rest of the
homogenate was centrifuged for 5 min at 10,000 X gat4 °C, and
the supernatants were used for GSH/GSSG assay using the
assay kit based on the manufacturer’s instructions. To prepare
kidney samples for GSH determination, a piece of kidney was
weighed and homogenized in an ice-cold mixture of 5% met-

JOURNAL OF BIOLOGICAL CHEMISTRY 21789



Cellular GSH/GSSG Status Regulates CD36 Expression

aphosphoric acid and 0.6% sulfosalicylic acid. The supernatant
of homogenate was used to determine GSH content, which was
normalized by the weight of the piece of kidney and expressed
as wmol/g of tissue.

Determination of Cellular ROS Levels—The intracellular
ROS levels were determined using a ROS assay kit purchased
from Beyotime (Nantong, China) that is based on the principle
that oxidation of the non-fluorescent probe 2’,7'-dichlorodihy-
drofluorescein diacetate by intracellular ROS can generate the
highly fluorescent 2',7’-dichlorofluorescein (23). Briefly, after
treatment, 5 um 2',7'-dichlorodihydrofluorescein diacetate
solution was added to the cells in a 96-well plate and incubated
in the dark for 20 min at room temperature followed by washing
with PBS 3 times. The 2',7'-dichlorofluorescein fluorescence
generated within the cells was determined at 485-nm (excita-
tion) and 527-nm (emission) wavelengths on a fluorescence
microplate reader (EnSpire, PerkinElmer Life Sciences). After
determination of fluorescence, the cells remaining in each well
of the plate were lysed, and cellular protein content was deter-
mined that is used to normalize the 2',7'-dichlorofluorescein
fluorescence. The normalized 2',7'-dichlorofluorescein fluores-
cence intensity of control samples was defined as 100%.

Determination of Macrophage oxLDL Uptake—After treat-
ment, macrophages were incubated with rabbit anti-CD36
antibody or normal IgG for 1 h followed by incubation with
oxLDL (50 pg/ml) for 3 h. The cells were then fixed in 4%
paraformaldehyde for 30 min at room temperature, washed
twice with PBS for 5 min, and stained with Oil Red O solution (a
mixture of three parts 0.5% Oil Red O in isopropyl alcohol and
2 parts water) for 50 min at room temperature followed by
washing twice with water. The cells were counterstained with
hematoxylin solution for nuclei for 30 s, kept in water for 5 min,
and then photographed. The accumulated Oil Red O dye within
macrophages was extracted by added isopropyl alcohol, and the
absorbance of the extraction solution was determined at 510
nm. After normalized by cellular protein content, the absor-
bance of the control group was defined as 1.

Isolation of Total RNA and Determination CD36 mRNA
Expression—Total cellular RNA was extracted as described
(20). The cDNA was synthesized with 1 ug of total cellular RNA
using the reverse transcription kit purchased from New Eng-
land BioLabs (Ipswich, MA). PCR was performed with the fol-
lowing primers: CD36 forward, (5'-TTTCCTCTGACATTTG-
CAGGTCTA-3’) and reverse, (5'-AAAGGCATTGGCTGGA-
AGA-3') and GAPDH forward (5'-ACCCAGAAGACTGTG-
GATGG-3’) and reverse, (5'-ACACATTGGGGGTAGGAACA-
3"). The RT-PCR product was determined by agarose elect-
rophoresis and photographed. The real time PCR was
performed with the above primers and an SYBR Green PCR
master mix purchased from Bio-Rad. Expression of CD36
mRNA was normalized by the corresponding GAPDH mRNA.

Western Blot Analysis of CD36, STATI, and Phosphorylated
STAT1 (pSTATI), FACS, and Immunofluorescent Staining
Analysis of CD36 —After extraction, an equal amount of cellu-
lar protein from each sample was used to determine CD36,
STAT1, and pSTATI1 protein levels by Western blot as
described (20).
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To analyze cell surface CD36 protein levels, ~1 X 10° cells
from each sample were blocked for 30 min at room temperature
with PBS containing 5% goat serum. After washing, the cells
were incubated with anti-CD36 antibody (1:100) for 1 h at room
temperature followed by incubation with goat anti-rabbit
FITC-conjugated IgG (1:50) for 45 min and flow cytometric
evaluation.

CD36 expression was also determined by immunofluores-
cent staining as described (20). Images of cells were obtained
with a fluorescence microscope (Leica). The mean fluorescence
intensity of all the immunofluorescent images was determined
as described (24).

Determination of CD36 Protein Translational Efficiency—
CD36 protein translational efficiency was determined by two
methods: polysomal RNA fractioned-Northern blot analysis
and surface sensing of translation (SUnSET) technique. The
polysomal RNA fractioned-Northern blot analysis was com-
pleted as follows (15, 25). After treatment and washing with
PBS, ~10® cells were resuspended in 0.75 ml of a low salt buffer
(20 mm Tris-HCI, pH 7.4, 10 mm NaCl, 3 mm MgCl,) containing
Triton X-100 (1.2%, v/v) and sucrose (0.2 M) and homogenized.
After centrifugation for 30 s at 27,000 X gat 4 °C, the superna-
tant was mixed with 0.1 ml of low salt buffer containing heparin
(10 mg/ml). After the addition of NaCl (final 0.15 M), the mix-
ture was applied to the top of a 0.5-1.5 M linear sucrose gradient
(9.6 ml in low salt buffer) and centrifuged for 3 h at 32,000 X g
at 4°C. The gradients were fractionated into 6 fractions (1
ml/fraction). SDS and proteinase K (final concentration: 0.5%
and 0.1 mg/ml, respectively) were added to each fraction and
mixed well. The mixture was then incubated for 30 min at 37 °C
followed by RNA extraction. Expression of CD36 mRNA in the
polysomal RNA fractions was determined by Northern blot
(26).

For SUnSET the technique assay (27-29), macrophages were
treated with BSO for 12 h followed by treatment with puromy-
cin (10 pg/ml) for 1 h. After whole cellular protein extraction,
the input was determined by Western blot with anti-puromycin
antibody. Based on the results of input, the same amount of
cellular protein from each sample was used to conduct immu-
noprecipitation by anti-CD36 antibody or normal IgG followed
by Western blot analysis with anti-puromycin, anti-CD36, or
anti-IgG antibody.

Preparation of Plasmid DNA and Determination of CD36
Promoter Activity—Mouse CD36 promoter (from —1946 to
+51) was constructed by PCR with genomic DNA isolated from
RAW264.7 cells and the following primers: forward (5'-CCG-
CTCGAGAAGTGCAGAAGTTTACATGGG-3') and reverse
(5'-CCCAAGCTTAGGAGCTGTCTTCCAGGTG-3'). After
the sequence was confirmed, the PCR product was digested
with Xhol and HindIII followed by ligation with pGL4 luc-
iferase reporter vector, transformed into Escherichia coli to
amplify.

To determine CD36 promoter activity, ~95% confluent
293T cells were transfected with DNA for CD36 promoter,
PPARYy, and RXRa expression vectors and Renilla (for internal
normalization) using Lipofectamine™ 2000 (Invitrogen).
After 20 h of transfection plus treatment, the cells were lysed,
and cellular lysate was used to determine firefly and Renilla
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luciferase activity using the Dual-Luciferase Reporter Assay
System from Promega (Madison, W1I).

Inhibition of Macrophage GCL or CD36 Expression by
siRNA—GCL siRNA was constructed into pSilencer 5.1-H1
Retro vector (Ambion) with the following oligonucleotides:
5-GATCCGTGGAGGCGATGTTCTTGAGTTCAAGAG-
ACTCAAGAACATCGCCTCCATTTTTTGGAAA-3" and
5'-AGCTTTTCCAAAAAATGGAGGCGATGTTCTTGA-
GTCTCTTGAACTCAAGAACATCGCCTCCACG-3'.
CD36 siRNA was purchased from Santa Cruz Biotechnology.

Macrophages were transfected with scrambled siRNA, GCL
siRNA, or CD36 siRNA with the transfection reagent pur-
chased from Origene (Rockville, MD) in an antibiotics/serum-
free RPMI 1640 medium for 24 h. The cells were then switched
into complete medium and continued culture or culture or plus
treatment for another 48 h. The cells transfected with GCL
siRNA were used to extract cellular total RNA and protein fol-
lowed by determination of GCL mRNA expression by RT-PCR
with the forward and reverse primers (5'-CTGCACATCTAC-
CACGCAGT-3" and 5'-GTCTCAAGAACATCGCCTCC-3/,
respectively) and normalized by GAPDH mRNA, CD36 protein
expression by Western blot, and cellular GSH levels by assay kit.
The cells transfected with CD36 siRNA were treated with BSO
or BSO plus antioxidant (enzyme) overnight followed by det-
ermination of oxXLDL uptake/foam cell formation by incubating
cells with oxLDL and ROS production by the ROS assay kit, as
described above.

Data Analysis—All experiments were conducted at least
three times, and representative results are presented. Data were
analyzed by Student’s ¢ test (n = 3), and significant difference
was considered at p < 0.05.

Results

Cellular GSH/GSSG Status Regulates Macrophage CD36
Protein Expression—Reaction of GSH with ROS generates
GSSG, which can be reduced back to GSH by NADPH. Both
cellular GSH content and the ratio of GSH to GSSG (GSH/
GSSQ@) play an important role in anti-oxidative stress. GSH is
mainly synthesized by kidney in vivo because the highest GCL
activity is in this tissue (30). However, other tissues/cell types
can also produce GSH. To study if the alterations of cellular
GSH levels or GSH/GSSG ratios can influence macrophage
CD36 expression, RAW?264.7 macrophages were treated with
BSO. BSO reduced cellular GSH levels in a concentration-de-
pendent manner (Fig. 1A, left panel). Associated with decreased
GSH levels, cellular GSH/GSSG ratios were also reduced (Fig.
1A, right panel), whereas cellular ROS levels were increased
(Fig. 1B). The results of a Western blot show that BSO increased
CD36 protein expression in a concentration-dependent man-
ner (Fig. 1C, left panel; normally, two bands and one band of
CD36 protein were determined in RAW264.7 cells and perito-
neal macrophages or kidney, respectively). The time course
study indicates that BSO induced CD36 protein expression in a
time-dependent fashion (Fig. 1C, right panel).

CD36 is a membrane protein. To determine the effect of BSO
on cell surface CD36 protein levels, after treatment cells
were subjected to flow cytometric evaluation. Fig. 1D dem-
onstrates that BSO increased cell surface CD36 protein lev-
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els. The effect of BSO on CD36 protein expression in primary
cells was determined by immunofluorescent staining. Simi-
lar to RAW?264.7 cells, BSO also induced peritoneal macro-
phage CD36 protein expression in a concentration depen-
dent manner (Fig. 1, E and F).

To directly link cellular GSH production to macrophage
CD36 expression, we selectively inhibited GCL expression by
siRNA. Compared with scrambled siRNA, GCL siRNA inhib-
ited GCL mRNA expression (Fig. 1G). Associated with inhibi-
tion of GCL expression, cellular GSH levels were decreased
(Fig. 1H), whereas expression of macrophage CD36 protein
expression was induced (Fig. 11). Taken together, the results in
Fig. 1 suggest that inhibition of cellular GSH production can
induce macrophage CD36 protein expression.

Induction of CD36 protein expression by BSO can result in
increased cellular oxLDL uptake, which facilitates foam cell for-
mation. To determine it, after BSO treatment macrophages
were conducted in Oil Red O staining. The top panel of Fig. 2A
shows that BSO treatment led to increased oxLDL uptake, indi-
cating formation of foam cells. The quantitative analysis of
accumulated Oil Red O dye within cells (Fig. 2B) also demon-
strates that the increased cellular lipid accumulation is in a
concentration-dependent manner. However, blocking CD36
function by anti-CD36 antibody substantially attenuated lipid
accumulation (Fig. 2A, bottom panel), suggesting that the
enhanced macrophage oxLDL uptake and foam cell formation
by BSO is mainly completed through induction of CD36
expression, which was also confirmed by a study with CD36
siRNA (Fig. 3F).

The decreased cellular GSH levels and GSH/GSSG ratios by
BSO increase cellular ROS production (Fig. 1B), which can
enhance production of oxLDL if LDL is present (31). Conse-
quently, the generated oxLDL can activate CD36 expression.
To test it, macrophages were treated with LDL or LDL plus
BSO. LDL alone had little effect on CD36 expression. However,
co-treatment of macrophages with BSO and LDL further
enhanced BSO-induced CD36 expression (Fig. 2C), which
should be attributed to the oxidation of LDL in response to BSO
treatment. In fact, the results of an oxLDL ELISA assay demon-
strate that BSO substantially increased cellular oxLDL content
in the presence of LDL (Fig. 2D).

We next determined if amelioration of cellular GSH/GSSG
status by exogenous GSH or other antioxidant or antioxidant
enzyme can attenuate BSO-induced macrophage CD36 protein
expression. Fig. 34 demonstrates that treatment of macro-
phages with exogenous GSH decreased CD36 expression. In
the presence of a small molecular antioxidant, such as N-acetyl
cysteine (NAC), and antioxidant enzyme (catalase (CAT) or
superoxide dismutase (SOD)), the decreased GSH/GSSG ratio
was restored to normal (Fig. 3B). Macrophages greatly express
inducible nitric-oxide synthase to produce a large amount of
nitric oxide when cells receive stimuli. Nitric oxide can also
induce cellular oxidative stress. However, treatment of macro-
phages with N-monomethyl-L-arginine (.L-NMMA, a potent
inducible nitric-oxide synthase inhibitor) did not affect the
BSO-decreased GSH/GSSG ratio because BSO inhibited induc-
ible nitric-oxide synthase expression (32). Similarly, CAT or
NAC or SOD alone slightly inhibited or had no effect on CD36
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FIGURE 2. BSO induces macrophage oxLDL uptake by activating CD36
protein expression. A, RAW264.7 cells were treated with BSO for 16 h. After
treatment cells were incubated with normal IgG or anti-CD36 antibody (0.3
ng/ml) followed by incubation with oxLDL (50 wg/ml). Cellular oxLDL uptake
was determined by Oil Red O staining. B, accumulated Oil Red O dye within
cells in each sample of the upper panel in Fig. 2A was extracted individually.
The absorbance of extraction solution was determined at 510 nm and nor-
malized by cellular protein content. *, p < 0.05 versus control. C, RAW264.7
cells were treated with LDL or LDL plus BSO as indicated for 16 h. D, RAW264.7
cells were treated with LDL (20 pg/ml) or LDL plus BSO (5 um) for 16 h. OxLDL
concentrations in the cellular lysate were determined by the oxLDL ELISA
assay kit. *, p < 0.05 versus LDL alone (n = 3). mU, milliunits.

expression, but each of them blocked CD36 protein expression
induced by BSO. Meanwhile, L-NMMA had no effect on CD36
expression in either the absence or presence of BSO (Fig. 3C).
Furthermore, amelioration of cellular GSH/GSSG status by
CAT, SOD, and NAC attenuated BSO-induced cellular lipid
accumulation (Fig. 3D, left half). However, anti-CD36 antibody
abolished the effect of BSO or BSO plus antioxidant (enzyme)
on oxLDL uptake (Fig. 3D, right half), which suggests that the
regulation of cellular oxXLDL uptake by BSO or BSO plus anti-
oxidant (enzyme) is contributed by CD36 expression. Corre-
spondingly, BSO increased ROS production, which was
blocked by CAT, SOD, and NAC but not NMMA (Fig. 3E).

To further confirm that the BSO-induced cellular oxLDL
uptake is mainly contributed by induction of CD36 expression,
we transfected macrophages with CD36 siRNA to selectively
inhibit CD36 expression (Fig. 3F, right panel) and then deter-
mined effect of BSO or BSO plus antioxidant (enzyme) on
oxLDL uptake. Similar to normal macrophages (Fig. 3D), BSO
treatment substantially induced lipid accumulation in cells
transfected with scrambled siRNA (Ctrl siRNA), whereas CAT,
SOD, and NAC, but not NMMA, blocked BSO-induced cellular
oxLDL uptake (Fig. 3F, left panel). In contrast, cells lacking
CD36 expression by CD36 siRNA demonstrate reduced oxLDL

Cellular GSH/GSSG Status Regulates CD36 Expression

uptake at the basal levels, whereas BSO or BSO plus antioxidant
(enzyme) had little effect on it (Fig. 3F, middle panel) which
further suggest that BSO induced cellular oxLDL uptake is
completed through induction of CD36 expression.

Induction of CD36 Expression by GSH Depletion in Vivo—To
determine if the decreased GSH levels can induce CD36 expres-
sion in vivo, particularly in pro-atherogenic apoE~’~ mice,
apoE /" mice were fed normal chow or normal chow plus BSO
(50 mg/100 g of food or ~0.25 mmol/kg (bodyweight)/day) for
1 week. Compared with control mice (chow alone), no differ-
ence in food intake, bodyweight gain, and exterior appearance
was caused by BSO treatment. Among mouse tissues, the high-
est GCL expression has been reported in the kidney (30).
Therefore, both mouse peritoneal macrophages and kidneys
were collected to determine GSH levels and CD36 expression.
BSO decreased mouse kidney and peritoneal macrophage GSH
levels to ~15 and ~25% of controls (Fig. 4, bottom of each
image), respectively. Associated with decreased GSH levels,
expression of CD36 in both peritoneal macrophages and kid-
neys was increased (Fig. 4).

BSO Induces CD36 Protein Expression by Enhancing CD36
Translational Efficiency—To determine if BSO induces CD36
expression at a transcriptional level, we initially determined
macrophage CD36 mRNA expression in response to BSO treat-
ment. The results in Fig. 54 show that BSO had little effect on
CD36 mRNA levels, which implies that the induction of CD36
protein expression does not occur at the transcriptional level.
Furthermore, we determined that antioxidant or antioxidant
enzyme alone or in combination with BSO had little effect on
CD36 mRNA expression either (Fig. 4B), which indicates that
antioxidant (enzyme) blocks BSO-induced CD36 protein
expression at a post-transcriptional level also. In contrast to
BSO alone, co-treatment of cells with LDL and BSO increased
CD36 mRNA expression (Fig. 5C) because the co-treatment
generated oxLDL (31) (Fig. 2D), which activates CD36 tran-
scription (11, 13).

To determine the effect of BSO on CD36 mRNA stability,
macrophages were treated with actinomycin D or actinomycin
D plus BSO for different times followed by determination of
CD36 and GAPDH mRNA levels. Actinomycin D can potently
inhibit cellular RNA transcription. Thus, mRNA levels in the
presence of actinomycin D demonstrate the rate of mRNA deg-
radation and mRNA stability indirectly. Fig. 5D shows similar
CD36 mRNA levels between the group receiving actinomycin
D alone treatment and the group receiving actinomycin D plus
BSO treatment, suggesting that BSO has no effect on CD36
mRNA stability.

CD36 transcription is mainly controlled by transcription fac-
tor of PPARYy. To further confirm that BSO has no effect on
CD36 transcription, we constructed a CD36 promoter (from

FIGURE 1. Inhibition of cellular GSH production by BSO induces macrophage CD36 protein expression. A and B, RAW264.7 macrophages in serum-free
medium were treated with BSO at the indicated concentrations for 16 h. Cellular GSH and GSSG concentrations (A) and ROS levels (B) were determined with
assay kits, respectively. *, p < 0.05 versus control (n = 3). C, RAW264.7 cells were treated with BSO at the indicated concentrations for 16 h or 5 um BSO for the
indicated times. CD36 protein expression was determined by Western blot. D, after treatment, cell surface CD36 protein levels were determined by FACS. Eand
F, peritoneal macrophages isolated from C57BL/6 mice received BSO treatment overnight followed by determination of CD36 expression by immunofluores-
cent staining (E), and the immunofluorescent density (mean fluorescence intensity (MFI)) of the images was quantified (F). *, p < 0.05 versus control (n = 3).G
and /, RAW264.7 cells in 6-well plates were transiently transfected with GCL siRNA or scrambled siRNA. After transfection cells were collected for the following
assays. G, GCL mRNA expression; H, cellular GSH levels. *, p < 0.05 (n = 3)./, CD36 protein expression.
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FIGURE 3. Cellular GSH/GSSG status regulates macrophage CD36 expression and oxLDL uptake. A, RAW264.7 cells were treated with GSH at the indicated
concentrations for 16 h followed by determination of CD36 protein expression. Band C, mouse peritoneal macrophages were treated with CAT, NAC, SOD, and
NMMA alone or each plus BSO as indicated for 16 h. After treatment, cells were used to determine GSH/GSSG (B, *, p < 0.05 versus control (n = 3)) and CD36
expression (C). D, peritoneal macrophages were treated with CAT, SOD, NAC, and NMMA or each plus BSO as indicated for 16 h. After treatment, cells were used
to determine cellular oxLDL uptake by incubation with oxLDL in the presence of normal IgG (left panel) and anti-CD36 antibody (right panel) followed by Oil Red
O staining, extraction, and quantitation of the accumulated Oil Red O dye within cells. ¥, p < 0.05 (n = 3). E, the cells in Fig. 3D were also determined ROS
production by assay kit. *, p < 0.05 (n = 3). DCF, dichlorofluorescein. F, peritoneal macrophages were transfected with scrambled siRNA (Ctrl siRNA) or CD36
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—1946 to +51), which includes the PPARy-responsive element
motif. As shown in Fig. 5E, high expression of PPARYy and
RXRa induced CD36 promoter activity, and the induction was
further enhanced by a PPARvy ligand, pioglitazone. However,
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BSO had little effect on CD36 promoter activity either in the
absence or presence of pioglitazone (Fig. 5E).

To further confirm that the induction of CD36 protein
expression by BSO is independent of PPARY activity, we iso-
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B. Kidney
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FIGURE 4. BSO induces peritoneal macrophage and kidney CD36 protein
expression in vivo. ApoE ™/~ mice (3 mice in each group) were fed normal
chow or normal chow plus BSO (50 mg/100 g of food) for 1 week. At the end
of experiment, peritoneal macrophages and kidneys were collected from
each mouse separately and used to extract total cellular protein for determi-
nation of CD36 protein expression. A piece of kidney and a portion of perito-
neal macrophages were also used to determine GSH contents, and the results
were presented at the bottom of each image. *, p < 0.05 (n = 3).

lated peritoneal macrophages from the conditional macro-
phage PPARy knock-out mice and the corresponding control
mice and then treated the cells with BSO. As expected, defi-
ciency of PPARYy expression reduced CD36 expression at the
basal levels (Fig. 5F), which suggests the importance of PPAR7y
in CD36 expression. Treatment of control cells with BSO did
not affect PPARy expression. Furthermore, BSO induced CD36
protein expression in both control macrophages and PPARYy-
deficient macrophages (Fig. 5F, left panel) at a similar degree
(Fig. 5F, right panel), indicating that PPARvy is not involved in
BSO-induced CD36 protein expression.

15(S)-Hydroxyeicosatetraenoic acid, the major 15-lipoxyge-
nase 1/2 metabolite of arachidonic acid, has been reported to
induce macrophage CD36 expression and foam cell formation
through xanthine oxidase and NADPH oxidase-dependent
ROS production and STAT1 activation at both transcriptional
and translational levels (33). To exclude the induction of CD36
expression by BSO is related to STAT1 activation, we deter-
mined expression of total STAT1 (STAT1) and pSTATI in
response to BSO treatment. The results in Fig. 5G, left panel,
demonstrate that BSO has little effect on both STAT1 and
pSTAT1 levels. In addition, the presence of antioxidant
enzyme, such as CAT, had no effect on STAT1 and pSTAT1
levels either (Fig. 5G, right panel), which suggests that STAT1
activation is not involved in BSO-induced CD36 expression.
Taken together, the results in Fig. 5 demonstrate that BSO does
not affect CD36 transcription, and neither PPARy nor STAT1
is involved in BSO induced CD36 protein expression. It also
implies that the induction of CD36 protein expression by BSO
should occur at the translational level.

To determine the mechanisms by which BSO induced CD36
protein expression, we initially determined if BSO can increase
CD36 protein stability. Cycloheximide is a potent inhibitor of
cellular protein biosynthesis. Similar to actinomycin D, CD36
protein levels in the presence of cycloheximide demonstrate
the rate of CD36 protein degradation and CD36 protein stabil-
ity indirectly in response BSO treatment. As shown in Fig. 64,
the similar reduction of CD36 protein levels was determined in
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the presence of cycloheximide alone and cycloheximide plus
BSO, which suggests that BSO had no effect on CD36 protein
stability.

The above results imply that induction of CD36 protein
expression by BSO should occur through enhanced CD36
translation. To determine it, we performed the following two
experiments. We initially conducted the polysomal RNA frac-
tioned-Northern blot analysis. After BSO treatment, polysomal
fractions were prepared from cells by a sucrose gradient cen-
trifugation, and RNA extracted from each fraction was then
subjected to Northern blot analysis. The results of Northern
blot demonstrate that distribution of GAPDH mRNA in each of
the sucrose gradient fractions was similar between control and
BSO-treated macrophages. In contrast, more CD36 mRNA
derived from BSO-treated macrophages than control cells was
found in the heaviest fractions (Fig. 6B, fractions 5 and 6), indi-
cating that BSO increases the number of ribosomes/transcript
and enhances CD36 translational efficiency.

The effect of BSO on CD36 protein translation was further
determined by SUnSET analysis (27-29). Puromycin can effec-
tively end label newly synthesized proteins (peptides), which
can be detected by Western blot with anti-puromycin antibody.
Specifically, after immunoprecipitation by anti-CD36 antibody,
the newly synthesized CD36 protein can be determined by
Western blot with anti-puromycin antibody. Fig. 6C, left panel,
demonstrates that BSO had little effect on the global protein
translation. However, compared with control sample (Fig. 6C,
lane 2, right panel), after immunoprecipitated by anti-CD36
antibody, more puromycin-labeled CD36 protein was deter-
mined in samples with BSO treatment (Fig. 6C, lanes 3 and 4,
right panel) by Western blot with anti-puromycin antibody.
Therefore, by using two different assays, we demonstrate that
BSO can enhance CD36 protein translational efficiency.

Discussion

Although antioxidant vitamins, such as vitamins C and E, can
reduce ROS production and suppress oxidative stress, the role
played by these vitamins in atherosclerosis is still controversial.
Recent large clinical trials do not show the favorable effects of
antioxidant vitamins on the established atherosclerosis (34, 35).
In animal models, selective macrophage ascorbic acid (vitamin
C) deficiency surprisingly suppresses early atherosclerosis (36).
In contrast, combined vitamin C and E deficiency enhances the
development of atherosclerosis in apoE /™ mice, in particular
the mice also lacking vitamin C biosynthesis by genetic deleting
gulonolactone oxidase (gulo) expression (37). Vitamin E, in
combination with coenzyme Q10 (CoQ,,) or selenium, also
reduces atherosclerosis in apoE '~ mice or rabbits (38, 39).

GSH is an abundant endogenous antioxidant and protects
cells against the oxidative stress-induced cell injuries. The anti-
atherogenic properties of the GSH-dependent antioxidant sys-
tem have been determined at different levels. Clinically, an
inverse correlation between the activity of red blood cell GPx-1
and the risk of cardiovascular events in patients has been
reported (4). Polymorphisms in the 5’ flanking region of the
GCL catalytic subunit (GCLC) and GCL modifier subunit
(GCLM) genes in patients results in decreased plasma GSH
levels and increased risk of myocardial infarction and endothe-
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plus BSO overnight. Expression of CD36 mRNA was determined by real time RT-PCR. *, p < 0.05 versus control (n = 3). D, RAW264.7 cells were treated with
actinomycin D (ActD, 5 ug/ml) or actinomycin D plus BSO (5 um) for the indicated times. Expression of CD36 and GAPDH mRNA was determined by RT-PCR. E,
~90% confluent 293T cells were transfected with DNA for the CD36 promoter, PPARy and RXRa expression vectors, and Renilla luciferase for 4 h followed by
treatment with BSO or BSO plus pioglitazone overnight. After transfection and treatment, the cellular lysate was extracted for determination of the activity of

firefly and Renilla luciferases. F, peritoneal macrophages isolated from the PPAR

hilil

""" and the conditional macrophage PPAR~y knock-out (MacPPAR~y KO) mice

were treated with BSO at the indicated concentrations overnight followed by determination of PPARy and CD36 protein expression. G, RAW264.7 cells were

treated with BSO at the indicated concentrations (left panel) or BSO plus CAT as
determined by Western blot.

lial dysfunction (40, 41). In animal models alterations of expres-
sion of molecules involved in GSH production, utilization, and
cycles, such as GCL, GPx-1, and glutathione reductase, influ-
ence atherosclerosis in both LDLR /" and apoE /" mice (3,
18). Several actions can make contributions to the anti-athero-
genic properties of GSH-dependent antioxidant system. For
instance, GCL protects macrophages from mitochondrial
hyperpolarization induced by oxLDL (3). Deficiency of GPx-1
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indicated (right panel) overnight. Expression of total STAT1 and pSTAT1 was

results in activation of pro-inflammatory and pro-fibrotic path-
ways (2). Administration of LDLR ~/~ mice with streptozotocin
decreases GSH/GSSG ratios in macrophages and enhances
macrophage recruitment into aortic wall, thereby accelerating
the development of atherosclerosis (42).

The formation of foam cells is the initial and critical step in
the development of atherosclerosis, and it is completed by
uptake of modified LDL (mainly oxLDL) by macrophage scav-
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enger receptors including CD36. Formation of foam cells is also
influenced by the balance between pro-oxidants and antioxi-
dants. Antioxidants can prevent LDL oxidation as well as cellu-
lar lipid accumulation (43). In contrast, the overproduction of
ROS can enhance oxLDL generation. It may also result in acti-
vation of molecules, which are responsible for oxLDL uptake.
For instance, activation of Toll-like receptor 9 by CpG oligode-
oxynucleotide increases ROS production and activates expres-
sion of lectin-like oxLDL receptor-1 (Lox1) at the transcrip-
tional level, another macrophage scavenger receptor for
oxLDL, thereby enhancing oxLDL uptake and formation of
foam cells (44).

CD36 facilitates foam cell formation by binding and internal-
izing oxLDL. Expression of macrophage CD36 can also be reg-
ulated by cellular oxidative status. Treatment of macrophages
with 15(S)-hydroxyeicosatetraenoic acid enhances ROS pro-
duction, which results in increased oxLDL uptake and foam cell
formation (33). In contrast, vitamin E or a-tocopherol decrease
macrophage CD36 expression and oxLDL uptake (45, 46). Sim-
ilarly, in our study treatment of macrophage with BSO
decreased cellular GSH levels and GSH/GSSG ratios while
increasing ROS production, CD36 expression, and cellular
oxLDL uptake (Figs. 1 and 2). In contrast, amelioration of cel-
lular GSH/GSSG status by antioxidant (NAC) and antioxidant
enzymes (CAT and SOD) restored BSO-decreased GSH/GSSG
ratios thereby blocking BSO-induced CD36 expression and
oxLDL uptake (Fig. 3, B-D). Induction of CD36 expression by
GCL siRNA (Fig. 1, Gand ]) indicates the direct effect of cellular
GSH/GSSG status on cellular oxLDL uptake. Lack of CD36
expression abolished BSO-induced oxLDL uptake (Fig. 3F),
demonstrating the direct contribution by BSO-induced CD36
expression.
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Expression of CD36 is transcriptionally activated by PPARYy.
Regulation of CD36 expression by vitamin E and 15(S)-hy-
droxyeicosatetraenoic acid is also completed at the transcrip-
tional level (33, 45, 46). In contrast, in our study, although we
determined that BSO substantially induced macrophage CD36
protein expression and cellular oxLDL uptake in a CD36-de-
pendent manner while the induction was blocked by antioxi-
dant (enzyme), we observed that BSO or BSO plus antioxidant
(enzyme) had little effect on CD36 mRNA levels and promoter
activity (Fig. 5, A—D). In addition, we excluded the involvement
of PPARyand STAT1 in BSO-induced CD36 expression (Fig. 5,
E—-G). These results suggest that the post-transcriptional regu-
lation should play a critical role in BSO-induced CD36 expres-
sion. In fact, we demonstrated that BSO enhanced CD36 trans-
lational efficiency (Fig. 6).

The translational regulation of CD36 expression in different
cell types has been reported by a few studies. In macrophages,
glucose increased CD36 translation due to the existence of the
specific features of CD36 transcript. A 5'-UTR length of >200
bp that contains 3 upstream open reading frames (WORFs) and
several stable predicted secondary structures exists in CD36
transcript. The first ORF plays a critical role for induction of
CD36 translation in response to glucose treatment by increas-
ing translation reinitiation (15). In hepatocytes, activation of
mTOR signaling pathway is involved in regulation of CD36
translation. Induction of inflammatory stress in HepG2 cells by
TNEF-« and IL-6 treatment or in mice by administration of
casein increases cellular lipid accumulation and CD36 protein
expression through enhancement of CD36 translational effi-
ciency, which is blocked by rapamycin, an mTOR-specific
inhibitor (47). The induction of hepatic CD36 translation by
palmitate is also completed through activation of the mTOR
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signaling pathway (48). However, the interaction of ROS and
mTOR is still unclear. Cadmium induces ROS production to
activate mTOR pathway, leading to neuronal cell death (49). In
contrast, mMTOR pathway is inhibited by hydrogen peroxide
(49). Salvianolic acid A activates mTOR by reducing ROS pro-
duction (50). In our study inhibition of GSH production by BSO
or GCL siRNA induced macrophage CD36 expression and
enhanced oxLDL uptake, which was associated with increased
ROS production and blocked by antioxidant (enzyme).
Although we determined the induction of CD36 expression
occurred at the translational level, it needs more investigation
to unveil if this induction is related to enhanced reinitiation of
CD36 translation or activation of mTOR signaling pathway.

In summary, our study not only demonstrates that macro-
phage CD36 expression and oxLDL uptake can be regulated by
multiple mechanisms including the translational regulation but
also suggests an anti-atherogenic property of GSH-dependent
antioxidant system by providing cellular and molecular
evidence.

Author Contributions—]. H. and Y. D. designed the study, X.Y.,,
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