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Abstract
Accumulation of oxidized lipids in the arterial wall contributes to atherosclerosis. Glutathione
peroxidase-4 (GPx4) is a hydroperoxide scavenger that removes oxidative modifications from lipids
such as free fatty acids, cholesterols, and phospholipids. Here, we set out to assess the effect of GPx4
overexpression on atherosclerosis in apolipoprotein E-deficient (ApoE−/−) mice. The results revealed
that atherosclerotic lesions in the aortic tree and aortic sinus of ApoE−/− mice overexpressing GPx4
(hGPx4Tg/ApoE−/−) were significantly smaller than those of ApoE−/− control mice. GPx4
overexpression also diminished signs of advanced lesions in the aortic sinus, as seen by a decreased
occurrence of fibrous caps and acellular areas among hGPx4Tg/ApoE−/− animals. This delay of
atherosclerosis in hGPx4Tg/ApoE−/− mice correlated with reduced aortic F2-isoprostane levels (R2

= 0.75, p < 0.01). In addition, overexpression of GPx4 lessened atherogenic events induced by the
oxidized lipids, lysophosphatidylcholine and 7-ketocholesterol, including upregulated expression of
adhesion molecules in endothelial cells, adhesion of monocytes to endothelial cells, as well as
endothelial necrosis and apoptosis. These results suggest that overexpression of GPx4 inhibits the
development of atherosclerosis by decreasing lipid peroxidation and inhibiting the sensitivity of
vascular cells to oxidized lipids.
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Accumulating evidence suggests that endogenously generated peroxides, including hydrogen
peroxide (H2O2) and lipid hydroperoxides, are involved in the pathogenesis of atherosclerosis
through two main mechanisms. First, peroxides have been shown to induce oxidative
modifications of lipoproteins. A number of laboratories, including ours, have shown that
H2O2 released from vascular cells can oxidize low-density lipoprotein (LDL) in vitro [1,2].
Oxidized LDL and its lipid components induce atherogenic events such as injury to vascular
cells, increase in interactions between inflammatory and endothelial cells, and induction of
vascular smooth muscle cell proliferation [reviewed in [3]. The second mechanism by which
peroxides contribute to the pathogenesis of atherosclerosis is by increasing the sensitivity of
vascular cells to oxidized LDL and lipid components. For example, H2O2 may function as a
second messenger of oxidized lipids/lipoproteins to induce expression of a variety of proteins
that are thought to be involved in the recruitment of inflammatory cells to the vessel wall and
in the proliferation and death of vascular cells [4,5]. We recently showed that overexpression
of catalase, an H2O2 scavenger, significantly decreased atherosclerotic lesions and levels of
oxidized lipids in the arterial wall of apolipoprotein E-deficient (ApoE−/−) mice [6], providing
direct evidence for the atherogenic role of H2O2. This finding suggests that increasing the
cellular level of peroxide scavengers may provide a valuable strategy for the treatment of
atherosclerosis.

Mammalian cells contain several peroxide scavengers, including catalase, glutathione
peroxidases (GPxs), and peroxiredoxins [reviewed in [7]. Among these, GPx4 has attracted
extensive attention due to its unique structural and functional characteristics. GPx4 is a 20- to
22-kDa monomer, whereas other GPx proteins are tetramers. GPx4 is widely expressed in all
normal tissues, including arteries, and is distributed among multiple subcellular sites such as
the cytoplasm, endoplasmic reticulum, plasma membrane, mitochondria, and nucleus [8]. In
contrast, the distribution of most other peroxide scavengers is tissue- and/or organelle-specific.
Catalase, for instance, is restricted to peroxisomes [9]. GPx4 can react with H2O2 [10] and,
contrary to most other antioxidant enzymes, a wide range of lipid hydroperoxides including
oxidized phospholipids [10] and cholesterol hydroperoxides [11]. It is well established that
oxidized lipids are highly atherogenic [reviewed in [12]. In addition to detoxifying
nonenzymatically oxidized lipids, GPx4 reduces lipid peroxides generated by lipoxygenases,
cyclooxygenases, and acetyl-CoA:1-O-alkyl-2-lyso-sn-glycero-3-phosphocholine
acetyltransferase, thereby decreasing the synthesis of leukotrienes [13], prostaglandin E [14],
and platelet-activating factor [15]. These lipid mediators have been reported to play a role in
inflammation and atherogenesis [reviewed in [16,17].

Overexpression of GPx4 has been shown to protect cells against oxidants and cytokines. GPx4
overexpression inhibits basal and cytokine-induced adhesion molecule expression in vascular
smooth muscle cells [18] and prevents oxidative injury in various other cell types [19]. GPx4
overexpression also increases the resistance of cells to cholesterol hydroperoxides [20].
Conversely, a heterozygous mutation in GPx4 increases the sensitivity of mouse fibroblasts to
oxidant-induced apoptosis [21]. Ran et al. have developed a transgenic mouse (hGPx4Tg) that
overexpressed GPx4 in all tissues examined [22]. Primary cultures of cortical neurons and
embryonic fibroblasts derived from hGPx4Tg mice showed increased survival and decreased
apoptosis after exposure to oxidants such as tert-butyl hydroperoxide, diquat, and H2O2,
compared to cells derived from wild-type mice [22,23]. Furthermore, liver damage and lipid
peroxidation induced by diquat injection were significantly decreased in hGPx4Tg mice
compared to wild-type mice [23].

One major difficulty in using mouse models to study atherosclerosis is that mice with normal
plasma cholesterol levels are highly resistant to atherosclerosis. This has led to the development
of ApoE−/− mice, which have spontaneously increased plasma cholesterol levels in response
to a normal chow diet and develop atherosclerotic lesions with morphologic features and an
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arterial distribution resembling those in humans [24]. In the present study, we crossbred
hGPx4Tg mice with ApoE−/− mice and examined the effect of GPx4 overexpression on
atherosclerosis. Results of the present study showed that overexpression of GPx4 in ApoE−/−

mice inhibited the development of atherosclerosis in association with a decrease in the level
of oxidized lipids in the aorta. Oxidized lipids induce various atherogenic events including
recruitment of inflammatory cells to the intima and induction of vascular cell death [3,25]. To
further evaluate the anti-atherogenic role of GPx4, we studied the effect of GPx4
overexpression on the monocyte-endothelium interaction and on endothelial cell death induced
by lysophosphatidylcholine (LPC) and 7-ketocholesterol (7-KC), which are commonly present
in oxidized LDL and in atherosclerotic lesions. We observed that overexpression of GPx4
significantly inhibited LPC- and 7-KC-induced adhesion of monocytes to endothelial cells as
well as necrotic and apoptotic death of endothelial cells. These observations suggest that an
increase in cellular GPx4 levels inhibits the development of atherosclerosis by decreasing lipid
peroxidation and increasing the resistance of vascular cells to oxidized lipids.

Materials and methods
Animals

Transgenic mice overexpressing human GPx4 (hGPx4Tg) were generated by injection of
fertilized C57BL/6 mouse embryos with a fragment of human genomic DNA containing the
GPx4 gene [22]. ApoE−/− mice with a 129vEv genetic background were generated [26] and
backcrossed with C57BL/6 mice for more than 12 generations. Mice with heterozygous
overexpression of GPx4 and a homozygous mutation of ApoE (hGPx4Tg/ApoE−/−) were
obtained by crossbreeding hGPx4Tg mice with ApoE−/− mice. Only male mice were used in
this study since estrogen has been shown to affect the development of atherosclerosis by
decreasing LDL oxidation and other mechanisms [27]. After weaning, all mice were
maintained on a chow diet containing approximately 5% fat and 19% protein by weight (Harlan
Teklad, Madison, WI). The animals used in experiments were 5–6 months of age. All
procedures were approved by the Institutional Animal Care and Use Committee of Meharry
Medical College.

Quantification of atherosclerotic lesions in mouse aortas
Mouse aortas were cut at a distance of 2 mm from the heart, and coronal sections (8 μm) were
prepared from the proximal aorta attached to the heart as described previously [28]. Sections
were stained with Oil Red O and viewed with a microscope (E600; Nikon Instruments Inc.,
Melville, NY) equipped with a color digital camera (CoolSnaps; Nikon Instruments Inc.) and
a computer image acquisition system (MetaMorph Image System; Universal Imaging Corp.,
West Chester, PA). The average area (μm2) of the lesion as well as its morphologic features
(i.e., foam cell deposition, cholesterol clefts, acellular areas, and fibrous-caps) was recorded.
Sixteen sections were examined from each animal.

The distal aorta (2 mm from the heart to the iliac bifurcation) was opened longitudinally as
described previously [6]. The en face preparation was fixed overnight and stained with Sudan
IV stain. A photograph of the aorta was obtained with a CoolSnaps digital camera mounted on
a SMZ1000 dissecting microscope (Nikon Instruments Inc.), and the area of the atherosclerotic
lesion and the total area of the aorta were measured with the MetaMorph Image System. Data
are expressed as the percentage of the total surface area of the aorta covered by atherosclerotic
lesions.

Measurement of F2-isoprostanes in the mouse aorta
The concentration of F2-isoprostanes in the aorta was measured as an indicator of in vivo lipid
peroxidation. Mouse aortas were minced in 2 ml ice-cold high-performance liquid
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chromatography-grade water containing 100 μM butylhydroxytoluene and 1 mM
ethylenediaminetetraacetic acid (EDTA) and homogenized on ice at 500 rpm for 5 min. After
addition of a known amount of [2H4] F2-isoprostane internal standard to the homogenate, the
total lipids were extracted and purified by thin-layer chromatography. F2-isoprostanes were
analyzed by gas chromatography/mass spectrometry [6].

Western blot analysis
Expression of GPx4, vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion
molecule-1 (ICAM-1), and β-actin protein in mouse aortas was determined by western blotting
with specific antibodies obtained from Cayman Chemical Co. (Ann Arbor, MI) and Santa Cruz
Biotechnology Inc. (Santa Cruz, CA). Aortas pooled from two mice were homogenized in 20
mM Tris-Cl, and homogenates were centrifuged at 14,000 rpm for 10 min at 4°C. Supernatants
containing 15 μg of protein were separated by 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis and transferred to polyvinylidene difluoride membranes. Detection of
GPx4, VCAM-1, ICAM-1, and β-actin was performed according to standard western blotting
protocols, using the ECL Western Blotting Detection System (Amersham Biosciences Inc.,
Piscataway, NJ).

GPx4 activity assay
GPx4 activity was determined as described by Maiorino et al. [29] with slight modifications.
Mouse aortas were homogenized in 0.25 M sucrose and 20 mM Tris-HCl (pH 7.4), sonicated
for 30 sec (Model 100 Sonic Dismembrator; Fisher Scientific International Inc., Hampton,
NH), and centrifuged at 10,000 × g for 15 min at 4°C. Phosphatidylcholine hydroperoxide, the
substrate of GPx4, was prepared from soybean L-α-phosphatidylcholine (P6263) (Sigma-
Aldrich, St. Louis, MO) as described by Lei et al. [30]. The GPx4 activity assay was carried
out in a 1-ml reaction mixture containing 100 mM Tris-HCl, 5 mM EDTA, 0.1 mM NADPH,
1 mM NaN3, 3 mM reduced glutathione, 0.2% peroxide-free Triton X-100, 1.2 × 10−6 U
glutathione reductase, 10–50 μg aorta protein extract, and 78 nM phosphatidylcholine
hydroperoxide. Absorbance was determined at 340 nm with a DU640 spectrophotometer
(Beckman Coulter Inc., Fullerton, CA).

Plasma lipid analysis
Concentrations of plasma cholesterols and triglycerides were quantified
spectrophotometrically with reagents obtained from Sigma-Aldrich. For analysis of the
cholesterol distributed in various lipoproteins, 100 μl of plasma obtained from an individual
mouse was injected onto a Superose-6 column and fractionated by fast-performance liquid
chromatography (Äkta FPLC 900; Amersham Biosciences, Piscataway, NJ). Forty 0.5-ml
fractions were collected, and fractions 11–40 were analyzed for cholesterol content of various
lipoproteins as described elsewhere [31].

Quantification of hydroperoxide production in mouse aorta endothelial cells
Mouse aorta endothelial cells (MAECs) were isolated from hGPx4Tg/ApoE−/− and ApoE−/−

mice by an outgrowth technique as detailed previously [32]. The production of hydroperoxides
by MAECs was determined by two methods. First, intracellular hydroperoxide levels were
determined with the use of 6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (DCFHDA).
MAECs grown to confluence in a clear, black-bottomed, 96-well plate were incubated for 1 h
with 10 μg/ml DCFHDA and then with the indicated concentrations of LPC or 7-KC for 30
min at 37°C. Fluorescence was determined with a Fluoroskan Ascent AL fluorometer (Thermo
Labsystems, Franklin, MA) with excitation and emission wavelengths of 485 nm and 510 nm,
respectively. Second, hydroperoxides released into the culture medium were measured with
an Amplex Red Hydrogen Peroxide Assay Kit (Invitrogen Corp., Carlsbad, CA). MAECs
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grown to confluence in a 96-well plate were pretreated with 500 U/ml catalase (Sigma-Aldrich)
or culture medium alone for 5 min at 37°C. The indicated concentrations of LPC or 7-KC and
150 μl Amplex Red Reagent were then added to each well. After a 40-min incubation,
fluorescence was read with the Fluoroskan Ascent AL fluorometer with excitation and emission
wavelengths of 540 nm and 590 nm. The cumulative hydroperoxide concentration was
extrapolated from a standard curve obtained by incubation of the Amplex Red Reagent with
H2O2. The amount of hydroperoxides released was normalized to total cellular protein and
were expressed as nM/mg protein/h.

Adhesion of mononuclear cells to endothelial cells
Mouse mononuclear cells (MNCs) were isolated from the blood of wild-type mice by
Histopaque gradient separation and labeled with calcein acetoxymethyl ester provided by the
Vybrant Cell Adhesion Assay Kit (Molecular Probes, Eugene, OR) as described previously
[32]. MAECs were grown to confluence in 96-well plates and treated for 4 h with 30 μM LPC,
100 μM 7-KC, or culture medium alone as a control. The medium was then replaced with
serum-free Dulbecco’s modified Eagle’s medium (DMEM), and fluorescently-labeled MNCs
were added to each well (2 × 105 cells/well). After a 2-min centrifugation at 500 rpm and a 1-
h incubation, nonadherent MNCs were removed by two washes with phosphate-buffered saline,
and firmly adherent MNCs were lysed with 0.5 N NaOH. Fluorescence was determined with
the Fluoroskan Ascent AL fluorometer with excitation and emission wavelengths of 485 nm
and 510 nm. The number of adherent MNCs per well was determined according to a standard
curve generated with known numbers of fluorescently-labeled MNCs [32].

Endothelial cell-surface expression of VCAM-1 and ICAM-1
Expression of VCAM-1 and ICAM-1 on the surface of MAECs was determined by enzyme-
linked immunosorbent assay (ELISA) [32]. MAECs grown to confluence in 96-well plates
were treated for 2 h at 37°C with 30 μM LPC, 100 μM 7-KC, or culture medium alone as a
control. After fixation in 1% glutaraldehyde, cells were incubated with a primary antibody
against mouse VCAM-1 or ICAM-1, then peroxidase-conjugated secondary antibody. The
reaction was developed with 100 μl 0.1 mg/ml 3,3′,5,5′-tetramethylbenzidine (Sigma-Aldrich)
and 0.003% H2O2 for approximately 30 min at room temperature. Absorbance at 450 nm was
determined with a microplate reader (Dynex Technologies, Chantilly, VA).

Cell viability
The viability of MAECs was determined with a Bioluminescence Detection Kit for ATP
(Promega Corp., Madison, WI) as described elsewhere [33]. MAECs grown to confluence in
a clear, white-bottomed, 96-well plate were incubated at 37°C in serum-free DMEM (100 μl/
well) containing 75 μM LPC or 200 μM 7-KC. At the indicated times, 100 μl of kit reagent
was added to each well, and luminescence was quantified with a BL10000 Lumicount
luminometer (PerkinElmer Life and Analytical Sciences, Downers Grove, IL). The intensity
of the luminescence signal generated in this assay is proportional to cell viability. The viability
of cells treated with oxidized lipids was expressed a percentage of control cell viability.

Caspase activity assay
Caspase activity was determined with an EnzoLyte Homogeneous Rh110 Caspase-3/7 Assay
Kit (AnaSpec Inc., San Jose, CA), in which cleavage of (Asp-Glu-Val-Asp)2-Rhodamine (Rh)
110 ([DEVD]2-Rh110 by caspases-3 and -7 liberates Rh110 to generate a fluorescence signal.
Fluorescence intensity is proportional to caspase-3/7 activity. MAECs that had been grown to
confluence in a clear, black-bottomed, 96-well plates were incubated with 75 μM LPC, 200
μM 7-KC, or serum-free culture medium alone as a control. After a 4-h incubation, 50 μl
substrate solution was added to each well, and fluorescence was determined with the
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Fluoroskan Ascent AL fluorometer with excitation and emission wavelengths of 485 nm and
510 nm, respectively. Caspase activity was normalized to the total amount of cellular protein
per well.

Statistical analysis
All data are reported as mean ± standard error of the mean (SEM). Data distribution was
examined by the Shapiro-Wilk normality test. Comparisons between hGPx4Tg/ApoE−/− and
ApoE−/− mice were performed with Student’s t-test, and differences were considered
significant at a P value less than 0.05. All statistical analyses were performed with Stastix
software (Analytical Software, Tallahassee, FL). For experiments in 96-well plates, results
represent the mean of four duplicate wells in the same plate.

Results
hGPx4Tg/ApoE−/− mice overexpress GPx4 and show elevated GPx4 activity in the aorta

Ran et al. [22] reported that expression of GPx4 protein in hGPx4Tg mice was increased
approximately 2–4 fold in all tissues studied. We found that the GPx4 protein levels were
approximately 2.5- higher in the aorta of hGPx4Tg/ApoE−/− mice than in ApoE−/− littermates,
and enzyme activity was 2.3-fold higher (Fig. 1). Similarly, the protein level and enzyme
activity of GPx4 were both approximately 2.5-fold higher in MAECs from hGPx4Tg/
ApoE−/− mice than in those from ApoE−/− mice (data not shown).

Overexpression of GPx4 decreases atherosclerosis but does not affect plasma lipid levels
The effect of GPx4 overexpression on atherosclerosis in ApoE−/− mice is shown in Fig. 2 and
the Table 1. The surface area of the entire aortic tree affected by atherosclerotic lesions and
the size of atherosclerotic lesions in the aortic sinus were significantly smaller in hGPx4Tg/
ApoE−/− mice than in ApoE−/− control mice. Aortic sinus sections from both transgenic lines
showed early stage atherosclerotic lesions as seen by the presence of foam cells and free lipids
(data not shown). All ApoE−/− mice showed advanced lesions (e.g., fibrous caps and acellular
areas). In contrast, only 5 of 14 hGPx4Tg/ApoE−/− mice showed acellular areas in
atherosclerotic lesions located in the aortic sinus (Table 1). These observations suggest that
overexpression of GPx4 inhibits the development of atherosclerosis in ApoE−/− mice.

Increased plasma levels of cholesterol and triglycerides are risk factors for atherosclerosis
[34]. Therefore, to determine whether the reduction in atherosclerotic lesions in hGPx4Tg/
ApoE−/− mice was due to a change in plasma cholesterol or triglyceride levels, we measured
the concentration of plasma cholesterol and triglycerides in ApoE−/− mice in the presence or
absence of GPx4 overexpression. The hGPx4Tg/ApoE−/− and ApoE−/− mice showed
comparable plasma concentrations of total cholesterol (513 ± 43 mg/dl vs. 519 ± 32 mg/dl,
respectively) and triglycerides (91 ± 15 mg/dl vs. 82 ± 8 mg/dl, respectively). The cholesterol
and triglyceride contents in the very low-density lipoprotein (VLDL), LDL and high-density
lipoprotein were also comparable in hGPx4Tg/ApoE−/− and ApoE−/− mice (data not shown).
These results indicate that the decrease in atherosclerotic lesions in hGPx4Tg/ApoE−/− mice
is not caused by an alteration in plasma lipid levels.

Overexpression of GPx4 decreases lipid peroxidation in the aorta
Accumulation of oxidized lipids in the arterial wall may give rise to atherosclerosis [3,25]. To
determine the effect of GPx4 overexpression on lipid peroxidation, we compared the
concentration of F2-isoprostanes in the aorta of hGPx4Tg/ApoE−/− and ApoE−/− mice. The
concentration of F2-isoprostanes was significantly lower in the aorta of hGPx4Tg/ApoE−/−
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mice than in that of the ApoE−/− control mice (Fig. 3, left panel). In addition, F2-isoprostane
concentration and atherosclerotic lesion area were significantly correlated (Fig. 3, right panel).

Overexpression of GPx4 decreases LPC- and 7-KC-induced hydroperoxide production in
mouse aorta endothelial cells

Increasing evidence suggests that the atherogenic action of oxidized lipids is associated, at
least in part, with the ability of the lipids to induce the production of reactive oxygen species
in vascular cells [6,35,36]. Therefore, we tested the effect of GPx4 overexpression on
hydroperoxide production in endothelial cells. Under control conditions, MAECs obtained
from hGPx4Tg/ApoE−/− mice and ApoE−/− littermates showed comparable levels of
intracellular hydroperoxides and hydroperoxide release (Fig. 4). However, the level of peroxide
production elicited by LPC or 7-KC differed significantly between each cell type. For example,
treatment of MAECs from ApoE−/− mice with 100 or 200 μM 7-KC increased the intracellular
hydroperoxide level 5- and 8-fold, respectively. On the other hand, treatment of MAECs from
hGPx4Tg/ApoE−/− mice with the same concentrations of 7-KC increased the intracellular
hydroperoxide levels only 2-and 3-fold, respectively (Fig. 4). Treatment of MAECs from
ApoE−/− mice with 30 or 75 μM LPC increased the intracellular hydroperoxide level 6- and
24-fold, respectively, suggesting that MAECs are more sensitive to LPC than to 7-KC. The
production of hydroperoxides in response to LPC was significantly lower in hGPx4Tg/
ApoE−/−-derived MAECs than in ApoE−/−-derived MAECs (Fig. 4). Thus, overexpression of
GPx4 inhibits 7-KC- and LPC-induced hydroperoxide production in MAECs.

Measurement of hydroperoxide concentrations in culture media revealed that the level of
externalized hydroperoxides was increased in LPC- or 7-KC-treated MAECs, and that
overexpression of GPx4 inhibited this increase (Fig. 4). The addition of the H2O2 scavenger
catalase to culture media decreased the level of externalized hydroperoxides in LPD- or 7-KC-
treated cells in a concentration-dependent manner (data not shown). At a concentration of 500
U/ml, catalase nearly eliminated the released hydroperoxides in culture media. Similarly, a
2.5-fold overexpression of catalase in MAECs [6] abolished the increase in intracellular
hydroperoxides elicited by 100 μM LPC or 30 μM 7-KC, as measured by DCFHDA (data not
shown). These results suggest that the hydroperoxide species produced in response to LPC and
7-KC consisted primarily of H2O2.

Overexpression of GPx4 decreases LPC- and 7-KC-induced monocyte adhesion to
endothelial cells

An initial step of atherogenesis involves the adhesion of leukocytes to the endothelium in
response to deposition of plasma lipoproteins in the intima. We investigated the effect of GPx4
overexpression on LPC- and 7-KC-induced MNC adhesion to MAECs. Under control
conditions, the number of MNCs adherent to MAECs from hGPx4Tg/ApoE−/− and ApoE−/−

mice was comparable, with approximately 25 MNCs/mm2 firmly adhered to MAECs (Fig. 5).
Pretreatment of MAECs with 30 μM LPC or 100 μM 7-KC significantly increased the number
of MNCs adhered to MAECs from ApoE−/− mice but did not significantly alter the number of
MNCs adhered to MAECs from hGPx4Tg/ApoE−/− mice. These results suggest that
overexpression of GPx4 inhibits LPC- and 7-KC-induced adhesion of MNCs to MAECs.

Overexpression of GPx4 decreases expression of cell adhesion molecules
Increased expression of cell adhesion molecules is known to enhance leukocyteendothelium
interactions [37]. We determined the effect of GPx4 overexpression on VCAM-1 and ICAM-1
expression in cultured MAECs (Fig. 6A) and mouse aortas (Fig. 6B and C). Under control
conditions, expression of VCAM-1 and ICAM-1 proteins on the surface of MAECs was
relatively low, and no significant difference was observed between hGPx4Tg/ApoE−/− and
ApoE−/− mice (Fig. 6A). Addition of 30 μM LPC or 100 μM 7-KC to culture media increased
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the expression of VCAM-1 and ICAM-1 on the surface of MAECs from ApoE−/− mice
approximately 3-fold (Fig. 6A). LPC- and 7-KC-induced surface expression of VCAM-1 and
ICAM-1 was significantly lower in MAECs from hGPx4Tg/ApoE−/− mice than in those from
ApoE−/− mice (Fig. 6A). Consistent with these results, VCAM-1 and ICAM-1 levels were
significantly lower in the aortas of hGPx4Tg/ApoE−/− mice than in those of ApoE−/− mice.
These results provide evidence that overexpression of GPx4 inhibits in vitro and in vivo
expression of cell adhesion molecules.

Overexpression of GPx4 protects MAECs from LPC- and 7-KC-induced cytotoxicity
We have previously shown that LPC causes cell membrane lysis and induces necrotic death in
MAECs at concentrations greater than the critical micellar concentration (50 μM), while 7-KC
induces MAEC apoptosis at concentrations greater than 200 μM [33]. To determine whether
GPx4 overexpression protects MAECs against LPC- and 7-KC-induced cytotoxicity, we
monitored changes in intracellular ATP levels following exposure to each agent. Incubation
of MAECs with 75 μM LPC decreased cell viability within 10 min, whereas incubation with
200 μM 7-KC did not significantly affect cell viability until 12 h (Fig. 7). MAECs from
ApoE−/− mice were significantly more sensitive to both LPC and 7-KC than MAECs from
hGPx4Tg/ApoE−/− mice (Fig. 7). We also examined LPC- and 7-KC-induced cytotoxicity by
staining MAEC nuclei with propidium iodide (PI) and Hoechst 33258 (HT) as described
previously [33]. Normal and apoptotic nuclei were easily distinguished by HT staining, as
chromatin in the former was loosely organized, while that in latter was condensed and/or
fragmented. Necrotic cells were easily identified by their large, PI-positive nuclei. Treatment
with either 7-KC or LPC induced apoptosis and necrosis in MAECs from ApoE−/− mice and
hGPx4Tg/ApoE−/− mice; however, this increase was less pronounced in hGPx4Tg/ApoE−/−

MAECs (data not shown).

The anti-apoptotic effect of GPx4 overexpression was confirmed by measuring the activation
of caspase-3/7, an event characteristic of apoptotic death. Treatment of MAECs with 200 μM
7-KC increased caspase-3/7 activity in MAECs from both ApoE−/− mice and hGPx4Tg/
ApoE−/− mice (Fig. 7). This increase was significantly greater in ApoE−/− MAECs (Fig. 7). In
contrast, treatment of MAECs with LPC did not alter caspase activity. These results suggest
that 7-KC may induce MAEC death via a mechanism involving activation of caspase-3/7,
whereas LPC may induce a caspase-independent form of death in these cells.

Discussion
Results of this study provide the first evidence that overexpression of GPx4 inhibits the
development of atherosclerosis in ApoE−/− mice. Development of atherosclerotic lesions in the
muscular arteries is believed to be an inflammatory process activated in response to the
accumulation of oxidized lipids in the intima [reviewed in [3,25]. These oxidized lipids may
be derived from the oxidative modification of cellular lipids and plasma lipoproteins. Very few
lipoproteins in the circulation are oxidized; therefore, the pool of oxidized lipoproteins in the
intima are thought to be derived, at least in part, from LDLs that enter the intima from the
plasma and that are oxidized locally by cells in the arterial wall [25]. In this regard, all cell
types within the arterial wall (i.e., endothelial cells [1,38], smooth muscle cells [1], and
macrophages [39]) are able to mediate LDL oxidation. Oxidized LDLs are then internalized
by macrophages, inducing foam cell formation, which is an early stage of atherogenesis.
Results of the present study show that the delayed development of atherosclerosis in hGPx4Tg/
ApoE−/− mice is correlated with a decreased level of aorta F2-isoprostanes, an in vivo marker
of lipid peroxidation. These observations suggest that GPx4 delays the development of
atherosclerosis via inhibition of lipid peroxidation in the arterial wall.
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Oxidized lipids induce the adhesion of leukocytes to the endothelium by upregulating the
expression of cell adhesion molecules in vascular cells, particularly endothelial cells. This
promotes migration of leukocytes to the intima, which in turn initiates the atherogenic process
[3,25]. In the present study, we observed that expression of VCAM-1 and ICAM-1 proteins
was significantly lower in the aorta of hGPx4Tg/ApoE−/− mice than in ApoE−/− mice. It has
been suggested that accumulation of oxidized LDL in the arterial wall induces expression of
cell adhesion molecules and triggers adhesion of inflammatory cells to the endothelium [40].
Tests of the components in oxidized LDL have revealed that the lipid-soluble fraction of
oxidized LDL induces monocyte-endothelial interactions, whereas the water-soluble fraction
(containing apolipoprotein B) is inactive [40]. Here, we investigated the effect of LPC and 7-
KC, two major lipid components of oxidized LDL, on cell adhesion molecule expression and
MNC adhesion to MAECs. Our results showed that overexpression of GPx4 significantly
inhibited LPC- and 7-KC-induced surface expression of VCAM-1 and ICAM-1 in endothelial
cells and significantly decreased LPC- and 7-KC-induced MNC adhesion to MAECs. These
observations suggest that inhibition of oxidized lipid-induced cell adhesion molecule
expression in vascular cells is responsible, at least in part, for the anti-atherogenic role of GPx4.

Increasing evidence suggests that the ability of oxidized lipids to regulate the expression of
cell adhesion molecules is associated with their ability to induce the production of ROS such
as superoxide and H2O2 [32,41]. We have previously shown that 7-KC and LPC induce ROS
generation in MAECs via different mechanisms. The former activates NADPH oxidase, which
generates O2

− and provides a source of oxygen-centred radicals, such as H2O2. LPC, on the
other hand, increases O2

− and peroxide generation via mechanisms other than activation of
NADPH oxidase, such as the induction of mitochondrial dysfunction [33]. It is well established
that ROS, in particular H2O2, induce expression of cell adhesion molecules by activating redox-
sensitive transcription factors such as NFκB [18,41]. Overexpression of GPx4 in vascular
smooth muscle cells has been shown to inhibit VCAM-1 expression via inhibition of NFκB
[18]. Our results show that overexpression of GPx4 efficiently decreases LPC- and 7-KC-
induced hydroperoxide generation in MAECs. Thus, the inhibitory effect of GPx4 on LPC-
and 7-KC-induced cell adhesion molecule expression may be explained by its ability to
decrease H2O2 production in endothelial cells. In addition, GPx4 has been shown to decrease
the levels of enzymatically generated lipid peroxides. A number of these lipid peroxides, such
as leukotrienes [13], prostaglandin E [14], and platelet-activating factor [15], have been
reported to function as inflammatory or atherogenic stimuli and to upregulate cell adhesion
molecule expression.

Atherogenesis is believed to be an inflammatory process activated in the arterial wall in
response to endothelial injury [42]. One important finding of the present study was that 7-KC
and LPC significantly decreased the viability of aorta endothelial cells from ApoE−/− mice but
were less cytotoxic toward cells from hGPx4Tg/ApoE−/− mice. These observations suggest
that the decrease in atherosclerotic lesions in hGPx4Tg/ApoE−/− mice may result from
inhibition of oxidized lipid-induced endothelial cell injury by GPx4. Our laboratory has shown
that oxidized LDL and its lipid components, such as 7-KC and LPC, cause injury of mouse
aorta smooth mouse cells and endothelial cells via separate mechanisms, with oxidized LDL
and 7-KC inducing apoptosis, as evidenced by caspase-3/7 activation, and LPC inducing
necrotic death, as characterized by cell membrane rupture and nuclear expansion [2,33]. We
have also shown that overexpression of catalase or addition of chemical peroxide scavenger
to culture media attenuates oxidized LDL- and 7-KC-induced apoptosis [2,33] and LPC-
induced necrotic cell death [33], suggesting that endogenously generated H2O2 is a common
mediator of cell death pathways activated by oxidized lipids [2,33]. Results of the present study
showed that overexpression of GPx4 inhibited 7-KC- and LPC-induced cell death and
hydroperoxide generation in MAECs. Thus, the protective role of GPx4 against LPC- and 7-
KC-induced injury in MAECs can be explained, at least in part, by its ability to reduce
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H2O2. Other lipid peroxides have been proposed to play roles in cell death. For example,
cardiolipin hydroperoxides generated in the mitochondria can trigger cytochrome c release
from the inner membrane of the mitochondria and induce apoptosis. It has been suggested that
GPx4 may inhibit apoptosis by decreasing cardiolipin peroxidation [8].

In summary, this study provides evidence that GPx4 inhibits the development of atherosclerosis
by decreasing lipid peroxidation and decreasing the sensitivity of vascular cells to oxidized
lipids. Moreover, it suggests that decreasing intracellular peroxide levels may be a viable
therapeutic strategy for atherosclerosis-related vascular diseases.
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Fig. 1.
GPx4 is overexpressed in the aorta of hGPx4Tg/ApoE−/− mice. Aortic extracts from hGPx4Tg/
ApoE−/− and ApoE−/− mice were subjected to western blot analysis for GPx4. GPx4 levels were
normalized to β-actin expression. Alternatively, extracts were assayed for GPx4 activity. One
enzyme unit (EU) is defined as the amount of enzyme that oxidizes 1 nM of reduced glutathione
per minute. Data are derived from three to four independent experiments in which aorta extracts
were pooled from two mice. *P < 0.01 vs. ApoE−/− mice.
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Fig. 2.
GPx4 overexpression reduces atherosclerosis. Representative images of (A, B) en face
preparations and (C, D) coronal sections of mouse aorta. The en face preparations and coronal
sections were stained with Sudan IV and Oil Red O, respectively. Red-stained areas indicate
atherosclerotic lesions. A and C: ApoE−/− mice; B and D: hGPx4Tg/ApoE−/− mice.
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Fig. 3.
GPx4 overexpression of is associated with a decreased concentration of F2-isoprostanes in the
aorta. The concentration of F2-isoprostanes in the aorta of hGPx4Tg/ApoE−/− mice and
ApoE−/− littermates (n = 5 per group) was measured by gas chromatography/mass spectrometry
(left panel). *P < 0.01 vs. ApoE−/− mice. Aortic F2-isoprostane concentration and
atherosclerotic lesion size in the aortic sinus were strongly correlated (right panel).
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Fig. 4.
GPx4 overexpression of decreases hydroperoxide production in mouse aorta endothelial cells
(MAECs) in response to lysophosphatidylcholine (LPC) and 7-ketocholesterol (7-KC).
Intracellular hydroperoxides and hydroperoxide release were determined in MAECs from
hGPx4Tg/ApoE−/− and ApoE−/− mice after incubation with the indicated concentrations of LPC
and 7-KC in the presence or absence of 500 U/ml catalase. Data are derived from five separate
experiments in which MAECs were pooled from four mice. *P < 0.01 vs. cells without LPC
or 7-KC treatment; †P < 0.05 vs. ApoE−/− cells treated with the same concentration of LPC or
7-KC; ‡P < 0.01 vs. ApoE−/− cells treated with the same concentration of LPC or 7-KC.
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Fig. 5.
GPx4 overexpression of inhibits monocyte (MNC) adhesion to mouse aorta endothelial cells
(MAECs). Confluent monolayers of MAECs from hGPx4Tg/ApoE−/− and ApoE−/− mice were
treated with 30 μM lysophosphatidylcholine (LPC), 100 μM 7-ketocholesterol (7-KC), or
culture medium alone (control) and then incubated with MNCs. Adherence of MNCs to
MAECs was determined by fluorochrome adhesion assay. Data are derived from five separate
experiments in which MAECs were pooled from four mice. *P < 0.05 vs. cells without LPC
or 7-KC treatment; †P < 0.05 vs. ApoE−/− cells treated with LPC or 7-KC.
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Fig. 6.
GPx4 overexpression inhibits expression of vascular cell adhesion molecule-1 (VCAM-1) and
intercellular adhesion molecule-1 (ICAM-1). (A) Mouse aorta endothelial cells (MAECs) from
hGPx4Tg/ApoE−/− and ApoE−/− mice were incubated with 30 μM lysophosphatidylcholine
(LPC), 100 μM 7-ketocholesterol (7-KC), or culture medium alone (control), and the surface
expression of VCAM-1 and ICAM-1 was measured by enzyme-linked immunosorbent assay.
Values are derived from five separate experiments in which MAECs were pooled from four
mice. *P < 0.01 vs. cells without LPC or 7-KC treatment; †P < 0.05 vs. ApoE−/− cells treated
with LPC; ‡P < 0.01 vs. ApoE−/− cells treated with 7-KC. (B and C) VCAM-1 and ICAM-1
protein levels in aorta extracts from hGPx4Tg/ApoE−/− and ApoE−/− mice were measured by
Western blot analysis. VCAM-1 and ICAM-1 protein levels are expressed as a percentage of
β-actin expression levels. Data are derived from four separate experiments in which aorta
extracts were pooled from two mice. *P < 0.01 vs. ApoE−/− mice.
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Fig. 7.
Inhibitory effect of GPx4 overexpression on lysophosphatidylcholine (LPC)- or 7-
ketocholesterol (7-KC)-induced death of mouse aorta endothelial cells (MAECs). (A and B)
MAECs from hGPx4Tg/ApoE−/− and ApoE−/− mice were incubated with 75 μM LPC or 200
μM 7-KC for the indicated time periods. The viability of MAECs treated with LPC or 7-KC
was expressed as a percentage of the viability of untreated control cells. †P < 0.05 and *P <
0.01 vs. ApoE−/− cells treated with LPC or 7-KC for same time period. (C) MAECs were
incubated with 70 μM LPC or 200 μM 7-KC for 4 h, and caspase-3/7 activity was measured.
Data are derived from five separate experiments in which MAECs were pooled from four mice.
*P < 0.01 vs. cells without LPC or 7-KC treatment; †P < 0.05 vs. ApoE−/− cells treated with
7-KC.
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Table 1
Overexpression of glutathione peroxidase-4 inhibits the formation of atherosclerotic lesions

Transgenic (n = 14) Lesion areaa (aortic
tree, %)

Lesion areab (aortic
sinus, 103 μm2)

Acellular aread Fibrous capd

ApoE−/− 12.0 ± 4.1 37 ± 8 14/14 14/14
hGPx4Tg/ApoE−/− 4.7 ± 2.3c 22 ± 3c 5/14 12/14

a
Lesion area expressed as percentage of the total aortic surface area.

b
Lesion area was measured in sections of aortic sinus.

c
P < 0.05 vs. ApoE−/− mice.

d
Data expressed as the number of mice showing these atherosclerotic features/the total number of mice examined. Although acellular areas and fibrous

caps were present in a subset of animals, foam cells and free lipids were present in all animals (not shown).
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