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Abstract
Glutathione peroxidase 4 (Gpx4) is a unique antioxidant enzyme that repairs oxidative damage to
biomembranes. In the present study, we examined the effect of Gpx4 on the release of various
apoptogenic proteins from mitochondria using transgenic mice overexpressing Gpx4 [Tg
(GPX4+/0)] and mice deficient in Gpx4 (Gpx4+/− mice). Diquat exposure triggered apoptosis that
occurred through intrinsic pathway and resulted in the mitochondrial release of cytochrome c (cyt.
c), Smac/DIABLO, and Omi/HtrA2 in the liver of wild-type (Wt) mice. Liver apoptosis and cyt. c
release were suppressed in Tg(GPX4+/0) mice but exacerbated in Gpx4+/− mice; however, neither
the Tg(GPX4+/0) nor the Gpx4+/− mice showed any alterations in the levels of Smac/DIABLO or
Omi/HtrA2 released from mitochondria. Submitochondrial fractionation data showed that Smac/
DIABLO and Omi/HtrA2 existed primarily in the intermembrane space and matrix, while cyt. c and
Gpx4 were both associated with inner membrane. In addition, diquat exposure induced cardiolipin
peroxidation in the liver of Wt mice; the levels of cardiolipin peroxidation were reduced in Tg
(GPX4+/0) mice but elevated in Gpx4+/− mice. These data suggest that Gpx4 differentially regulates
apoptogenic protein release due to its inner membrane location in mitochondria and its ability to
repair cardiolipin peroxidation.
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Introduction
Apoptosis (programmed cell death) is a process by which organisms eliminate injured or
unwanted cells. In most cases (but not all), physiological cell death occurs by apoptosis as
opposed to necrosis [1]. Therefore, apoptosis plays a critical role in cellular homeostasis. There
are two well-documented apoptotic pathways: the extrinsic and intrinsic pathways [2]. The
extrinsic pathway signals through death receptor such as Fas and the TNF receptor. Upon their
ligand binding, death receptors recruit and oligomerize adaptor protein FADD, resulting in the
recruitment and autoactivation of initiator caspase-8, which further activates downstream
executioner casapse-3, 7. The intrinsic pathway is mediated by mitochondria. Upon activation
by cellular stress, mitochondria release apoptogenic proteins into the cytosol, e.g., cyt. c, Smac/
DIABLO, Omi/HtrA2, and apoptosis-inducing factor (AIF). These apoptogenic proteins
function together to trigger apoptosis. Cyt. c interacts with monomeric apoptotic protease
activating factor-1 (Apaf-1) to facilitate a conformational change in the latter. The
conformation change leads to Apaf-1 oligomerization and the recruitment of initiator casapse-9
to form the apoptosome, resulting in caspase-9 activation and the subsequent activation of
caspase-3, 7. Smac/DIABLO and Omi/HtrA2 bind to inhibitor of apoptosis protein (IAPs),
blocking their ability to inhibit caspases and thus promoting apoptosis. AIF induces DNA
fragmentation and chromatin condensation. In vertebrates, most (but not all) apoptosis is
believed to occur through the intrinsic pathway [3].

A large body of literature suggests a close relationship between reactive oxygen species (ROS)
and apoptosis. For example, apoptosis is induced by various pro-oxidants, such as
hydroperoxide, diamide, etoposide and semiquinones [4,5]. In addition, other apoptotic stimuli,
such as TNF-α [6], ceramide [7], glutamate [8], amyloid-β-peptide [9], alkaline conditions
[10], and nerve growth factor withdrawal [11], elevate intracellular ROS levels. Moreover, the
pseudo-apoptosis phenotype in yeast invariably involves ROS [12]. These data strongly
suggest that ROS serve as a mediator for apoptosis. Thus, the inhibition of ROS by antioxidant
enzymes could potentially suppress apoptosis.

Gpx4 is a unique antioxidant enzyme in that its major function is to repair oxidative damage
to the biomembranes rather than to detoxify superoxide or hydrogen peroxide. It belongs to
the glutathione peroxidase (Gpx) superfamily. All Gpxs can reduce hydrogen peroxide, alkyl
peroxides, and fatty acid hydroperoxides; however, Gpx4 also reduces hydroperoxides in
lipoproteins and complex lipids such as those derived from cholesterol, cholesteryl esters, and
phospholipids. Gpx1 (as well as Gpx 2 and 3) is a homotetramer while Gpx4 is a 20–22 kDa
monomer, which is rich in hydrophobic amino acid residues [13]. Its small size, hydrophobic
surface, and unique substrate specificity for complex lipids have led to the view that Gpx4
plays a key role in the detoxification of membrane lipid hydroperoxides [14]. Using kinetic
modeling, Antunes et al. [15] proposed that Gpx4 is more efficient in removing hydroperoxides
from membranes than the phospholipase A2 (PLA2)/Gpx1 pathway (where PLA2 removes the
fatty acid hydroperoxide from the membrane and Gpx1 reduces the hydroperoxide) because
the affinity of Gpx4 for the membrane lipid hydroperoxides is more than 104-fold greater than
PLA2.

Gpx4 is synthesized as a long form (23 kDa) and a short form (20 kDa), both of which arise
from the same Gpx4 gene but with different translation initiation sites [16]. The long-form of
Gpx4 is targeted to the mitochondria because it has a mitochondrial signal peptide. The short-
form of Gpx4 is the non-mitochondrial Gpx4 and has been found in cytosol, nucleus, and
endoplasmic reticulum of cells [17]. Experiments using cell lines that overexpress Gpx4 have
shown that Gpx4 can reduce the toxicity of oxidative stress [18,19]. Interestingly, multiple
reports also suggest that Gpx4 plays a role in the protection against apoptosis. The
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overexpression of Gpx4 inhibits the induction of apoptosis by oxidized, low-density lipoprotein
in rabbit aortic smooth muscle cells [20], by photosensitizers in human breast cancer cells
[21], and by cholesterol hydroperoxide in breast tumor cell lines [22]. In addition,
overexpressing Gpx4 preferentially in the mitochondria protects RBL2H3 cells against
apoptosis induced by various reagents, e.g., potassium cyanide, 2-deoxyglucose, etoposide,
staurosporine, UV irradiation, cycloheximide; however, overexpressing non-mitochondrial
Gpx4 had no effect on apoptosis [23]. Therefore, it appears that mitochondrial Gpx4 is
important in protecting cells against the induction of apoptosis.

In this study, we used transgenic mice overexpressing Gpx4 [Tg(GPX4+/0)] and mice deficient
in Gpx4 (Gpx4+/− mice) to examine the effect of Gpx4 on mitochondrial release of various
apoptogenic proteins during oxidative stress induced apoptosis in vivo. Among all the
apoptogenic proteins we studied, Gpx4 only protected against cyt. c release from mitochondria.
This protection was correlated with reduced cardiolipin (CL) peroxidation.

Experimental Procedures
Animals Preparation

The Tg(GPX4+/0) and Gpx4+/− mice used in this study are previously described [24,25]. The
wildtype (Wt) controls were littermates of the Tg(GPX4+/0) mice or Gpx4+/− mice. Mice were
fed ad libitum a commercial diet and maintained under pathogen-free barrier conditions on a
12:12-h dark/light cycle. At 4–10 months of age, female mice were injected intraperitoneally
with diquat dissolved in saline at a dose of 50 mg/kg. Six hours after injection, mice were
euthanized by cervical dislocation and the liver collected. All procedures involving the mice
were in accordance with National Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and Use Committees at the
University of Texas Health Science Center at San Antonio and the Audie L. Murphy Veterans
Affairs Hospital.

Subcellular Fractionation
Liver tissue was homogenized in ice-old buffer I (250 mM mannitol, 75 mM sucrose, 500 µM
EGTA, 100 µM EDTA, and 10 mM HEPES, pH 7.4) supplemented with protease inhibitor
cocktail. The homogenates were centrifuged at 600 g for 10 min at 4°C to pellet nuclei and
unbroken cells. The resulting supernatant was then centrifuged at 10,000 g for 15 min at 4°C
to obtain the mitochondrial pellet. The supernatant was further centrifuged at 100,000 g for 60
min at 4°C to yield the cytosol. The mitochondrial pellets were washed once in buffer I
containing 0.2% (w/v) bovine serum albumin (BSA) and twice in buffer I without BSA. The
mitochondrial pellets obtained were used for measuring CL peroxidation. The cytosol obtained
was used to measure mitochondrial release of cyt. c, second mitochondria-derived activator of
caspases/direct IAP binding protein with low pI (Smac/DIABLO) and Omi/HtrA2 by Western
blots.

Measurement of Apoptosis
Apoptotic cell counts in the liver were determined in situ by the presence of double-strand
DNA breaks observed in paraffin-embedded tissue sections using in situ oligo ligation (ISOL)
kit (Chemicon International, CA) with oligo B according to the manufacturer’s instructions.
Compared to conventional TdT-mediated dUTP nick-end labeling (TUNEL) assay, the ISOL
assay uses hairpin oligonucleotide probe to detect more specific DNA fragmentation caused
by apoptosis, avoiding randomly damaged DNA [26]. Slides were visualized under light
microscopy, and the number of positive cells was determined in 10 random fields at 400 ×
magnification for each liver. Data were expressed as the mean of the ratio of the number of
positive cells and the total number of cells in all the 10 random fields.
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Western Blots
Caspase-9 activation, Gpx4 protein expression, and mitochondrial release of apoptogenic
proteins were measured by Western blots as described previously [25]. Caspase-9 activation
and Gpx4 protein expression were detected in liver homogenates whereas mitochondrial
release of apoptogenic proteins was detected in liver cytosols. Briefly, the protein
concentrations were determined by the Bradford method [27]. Equal amounts of protein were
then separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE),
transferred to nitrocellulose membranes, probed with appropriate antibodies, and detected by
ECL Western blotting system. Data were normalized to loading control actin for liver
homogenate or β-tubulin for cytosols. Antibodies used were: anti-caspase-9 antibody (#9508;
Cell Signaling Technology, Beverly, MA); anti-Gpx4 antibody as described previously [24];
anti-cyt. c antibody (sc-13560; Santa Cruz Biotechnology, Santa Cruz, CA); anti-Smac/
DIABLO antibody (ab9709; Abcam, Inc., Cambridge, MA); anti-Omi/HtrA2 antibody
(AF1458; R&D systems, Inc., Minneapolis, MN); anti-actin antibody (#69100; MP
Biomedicals Inc., Aurora, OH); anti-β-tubulin (32-2600; Zymed Laboratories, San Francisco,
CA).

Detection of Cyt. c Release from Mitochondria by Immunohistochemistry
Cyt. c release was also measured using an immunohistochemistry method that only detects cyt.
c present in the cytosol. Fixing tissue with formalin prevents the cyt. c antibody from reaching
the mitochondrial intermembrane space. Therefore, only cells with cyt. c released into the
cytosol will have cyt. c immunoreactivity [28]. Immunohistochemistry was performed using
vector immunodetection M.O.M. kit according to the instructions. Briefly, histology slides
were first deparaffinized and rehydrated. Slides were then treated to quench endogenous
peroxidase activity and to unmask the antigen. After blocking for mouse IgG, slides were
incubated with antibody to cyt. c and the corresponding secondary antibody. Slides were
stained with substrate DAB and counterstained with methyl green. Cyt. c positive cells were
detected under light microscopy, and the number of positive cells was determined in 10 random
fields at 400 × magnification for each liver. Data were expressed as the mean of the ratio of
the number of positive cells and the total number of cells in all the 10 random fields.

Subfractionation of Mitochondria
Liver mitochondria from Wt mice were subfractioned as previously described with some
modifications [29]. Liver tissue was homogenized in ice-cold buffer A (0.25 M sucrose, 1 mM
EDTA, 10 mM HEPES-NaOH, pH 7.4). The homogenates were centrifuged at 800 g for 10
min at 4°C. The resulting supernatant was then centrifuged at 3,000 g for 10 min at 4°C to
obtain a crude heavy mitochondrial pellet. The crude heavy mitochondrial pellet was washed
once and further purified by a discontinuous Nycodenz gradient [30]. Briefly, the heavy
mitochondrial pellet re-suspended in 3.5 ml of 25% Nycodenz was placed over 1.5 ml of 40%,
1.5 ml of 34% and 2.5 ml of 30% Nycodenz, and this was topped off with 2.5 ml of 23% and
0.5 ml of 20% Nycodenz. The gradient was centrifuged at 95,000 g for 2 hrs at 4°C.
Mitochondria were collected from the 25%/30% Nycodenz interface, washed, and re-
suspended in a small amount of buffer A. A sample was taken and designated as total
mitochondria. Digitonin was slowly added to the remaining mitochondria (1.5 mg of digitonin
for every 10 mg of mitochondrial proteins). After incubation at 4°C for 15 min with gentle
rocking, the suspension was diluted with 3 volumes of buffer A and then centrifuged at 15,000
g for 10 min at 5°C. The supernatant was further centrifuged at 144,000 g for 20 min at 5°C,
and the resulting pellet and supernatant were designated as mitochondrial outer membrane and
intermembrane space, respectively. The pellet from 15,000 g centrifugation spin, containing
mitoplasts, was re-suspended in a small amount of buffer A and subjected to 3 freeze-thaw
cycles. The mitoplast suspension was centrifuged at 144,000 g for 50 min at 5°C, and the
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resulting pellet and supernatant were designated as mitochondrial inner membrane and matrix,
respectively. For the Na2CO3 treatment, the inner membrane fraction (40 ug) was incubated
with 0.1 M Na2CO3 on ice for 30 min. Separation of the pellet from the released proteins were
achieved by centrifugation at 160,000g for 30 min at 4°C. Pellets and supernatant were
subjected to Western blotting for the detection of Gpx4.

Cardiolipin Peroxidation
10-N-nonyl-Acridin Orange (NAO, Molecular Probes, Eugene, OR) binding to mitochondria
was used to estimate cardiolipin (CL) peroxidation as previously described [31] with some
modifications. NAO binds to CL with high affinity, and the fluorochrome loses its affinity for
peroxidized cardiolipin [32]. Because NAO binding to the mitochondria has been found to
depend on mitochondrial membrane potential [33], experiments were performed using isolated
liver mitochondria not energized with substrates, thereby eliminating the effect of the
membrane potential on NAO binding. Freshly isolated liver mitochondria were resuspended
in buffer A (125 mM KCl, 10 mM HEPES, 5 mM MgCl2, and 2 mM K2HPO4, pH 7.4). Ten
10 µg of mitochondrial protein was added to 200 µl of 20 µM NAO. The samples were
incubated for 5 min and then centrifuged at 30,000 g for 5 min. Free dye in the supernatant
was determined by measuring absorbance at 495 nm, and the NAO bound to the mitochondria
calculated as the total minus free NAO.

CL Content
Phospholipids were extracted from mitochondria (~1 mg of mitochondrial protein) using
chloroform/methanol/water as described previously [34]. The extracted phospholipids were
dried and dissolved in chloroform:methanol mixture (2:1, v/v). CL was separated from other
phospholipids by high performance liquid chromatography (HPLC) using a silicic acid column
(5 µm Radial Pac Resolve Silica cartridge, 0.8 cm x 10 cm) as described by Nissen and Kreysel
[35]. Briefly, the chromatographic system was programmed for gradient elution using two
mobile phases: A. acetonitrile-water (80:20); B. acetonitrile. A linear solvent gradient from
87.5 to 25% B between 3 and 15 min was used, delivering a gradient of water running from
2.5 to 15% water. HPLC elution was performed at flow rate of 1 ml/min. Detection of CL
elution was monitored at 203 nm with a Waters Absorbance Detector. The identity of eluted
CL at particular time interval was confirmed by chromatography of CL standard. The CL
content (nmol/mg mitochondrial protein) was calculated based on the integrated peak area
under 203 nm by using standard curve.

Statistical Analysis
One-way analysis of variance was used for analysis, followed by Student-Newman-Keuls for
multiple comparisons. Statistical significance was assumed at p<0.05.

Results
Effect of Gpx4 on the Induction of Apoptosis by Diquat

Diquat was used as a model of in vivo oxidative stress because bipyridyl herbicide diquat is a
potent pro-oxidant that generates superoxide anions through redox cycling [36]. Diquat is
targeted primarily to the liver and induces oxidative damage to the liver [37]. Figure 1A shows
the time course of apoptosis induced by diquat in Wt mice. Endogenous apoptosis in the liver
was low in untreated mice. Apoptosis was significantly increased 3 hours after diquat injection
and was maximal at 6 hours. Therefore, in the following experiments, we studied the effect of
Gpx4 on apoptosis 6 hours after diquat treatment. Figure 1B shows the levels of apoptosis in
the Wt and Tg(GPX4+/0) mice before and after diquat treatment. There were very few apoptotic
cells in untreated Wt (0.05% apoptotic cells) and Tg(GPX4+/0) mice (0.03% apoptotic cells).
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Diquat treatment dramatically increased the level of apoptosis in Wt mice; however, the
induction of apoptosis in the Tg(GPX4+/0) mice was dramatically reduced (70%) compared to
Wt mice. In contract, the induction of apoptosis was significantly increased (98%) in
Gpx4+/− mice compared to Wt mice (Figure 1C). We also found that diquat induced apoptosis
occurred through the intrinsic pathway of apoptosis because diquat activated caspase-9 as
shown by a significant increase in the cleavage product in the Wt mice (Figure 1D and E). The
activation of caspase-9 by diquat was greatly reduced (57%) in Tg(GPX4+/0) mice compared
to Wt mice. Conversely, diquat did not induce the extrinsic pathway because of the lack of
caspase-8 activation and Bid cleavage (data not shown). These data show that Gpx4 inhibits
diquat induced apoptosis through intrinsic pathway of apoptosis in vivo.

We measured Gpx4 protein expressions in the liver of Tg(GPX4+/0) mice and Gpx4+/− mice
before and after diquat treatment (Figure 2). As expected, Tg(GPX4+/0) mice showed higher
levels of Gpx4 proteins whereas Gpx4+/− mice showed lower levels of Gpx4 proteins when
compared to their Wt controls. Moreover, diquat did not alter the level of Gpx4 in either Tg
(GPX4+/0) mice or Gpx4+/− mice.

Effect of Gpx4 on mitochondrial release of apoptogenic proteins
The intrinsic apoptotic pathway occurs through the release of mitochondrial apoptogenic
proteins. We therefore studied the effect of Gpx4 on the release of apoptogenic proteins from
mitochondria after diquat treatment. As shown by Western blots (Figure 3A and 3B), diquat
treatment induced cyt.c release in Wt mice (2.5-fold increase), and the level of cyt. c release
was significantly reduced (43%) in the Tg(GPX4+/0) mice. To elucidate the possibility that
mitochondria rupture during isolation procedure, resulting in cyt. c release, we further
measured cyt. c release by immunohistochemistry (Figure 3C). There was a significant number
of cyt. c positive cells in diquat treated Wt mice, and therefore, the detection of cyt. c release
by Western Blotting is not an artifact. In contrast, Tg(GPX4+/0) mice had less cyt. c positive
cells suggesting that Tg(GPX4+/0) mice were truly protected against diquat induced cyt. c
release. We also measured mitochondrial cyt. c release in Gpx4+/− mice (Figure 3D and 3E).
The induction of cyt. c release was significantly greater (32%) in Gpx4+/− mice compared to
Wt mice. These data show that Gpx4 inhibits cyt. c release induced by diquat.

We measured the release of Smac/DIABLO and Omi/HtrA2 from mitochondria in response to
diquat treatment. The data in Figure 4 show that diquat treatment significantly increased the
levels of Smac/DIABLO in the cytosol from Wt, Tg(GPX4+/0), and Gpx4+/− mice; however,
neither Tg(GPX4+/0) nor Gpx4+/− mice showed any alteration in level of Smac/DIABLO
release by diquat. The data in Figure 5 show mitochondrial release of Omi/HtrA2 after diquat
treatment. Similar to the release of Smac/DIABLO, the release of Omi/HtrA2 by diquat was
unchanged in Tg(GPX4+/0) and Gpx4+/− mice when compared to Wt mice. These data indicate
that Gpx4 does not affect diquat induced mitochondrial release of Smac/DIABLO and Omi/
HtrA2.

Mechanism Responsible for the Differential Regulation of Mitochondrial Apoptogenic
Protein release by Gpx4

To understand why Gpx4 levels affected differently the release of apoptogenic proteins by
mitochondria, we studied the submitochondrial localization of apoptogenic proteins and Gpx4
(Figure 6A). Liver mitochondria were subfractioned into outer membrane, intermembrane
space, inner membrane, and matrix. The identity of the different submitochondrial fractions
was demonstrated by the enrichment of marker proteins VDAC, ATPase β subunit, and
MnSOD in the outer membrane, inner membrane, and matrix, respectively. Our fractionation
scheme separated mitochondrial membranes from the soluble fractions as shown by the absence
of membrane markers in the soluble fractions and the absence of soluble fraction markers in
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the membranes. Given that the outer membrane and inner membrane are closely apposed at
various contact sites, the mitochondrial subfractionation did not allow a complete separation
of the outer and inner mitochondrial membranes. This was indicated by the presence of small
amounts of VDAC in the inner membrane and ATPase β subunit in the outer membrane. In
addition, mitochondrial matrix marker MnSOD was found in the intermembrane space as well;
however, considering matrix has more protein than intermembrane space, the majority of
MnSOD would still exist in the matrix.

The data in Figure 6A showed that Smac/DIABLO was found in the intermembrane space with
a small amount present in the matrix. Omi/HtrA2 was enriched in intermembrane space as well
as in matrix. These data are consistent with the speculation that Smac/DIABLO and Omi/HtrA2
are freely soluble proteins [38]. In fact Rardin et al. [39], also reported the intermembrane space
and matrix location of Smac/DIABLO in rat kidney mitochondria. In contrast, cyt. c was
primarily found in the inner membrane of mitochondria. This is in good agreement with
literature [40] because it is commonly accepted that cyt.c is associated with the lipids at the
outer face of mitochondrial inner membrane through electrostatic force and hydrophobic
interaction. It should be noted that in several studies, cyt. c has been found in the intermembrane
space [41,42]; these studies mitochondria were obtained from neuronal and kidney cell lines
whereas in our study liver mitochondria isolated from mice. In addition, submitochondrial
fractionation protocols in the previous studies used buffer containing 5 mM MgCl2, which has
been shown to dissociate cyt. c from the inner membrane by disrupting the ionic interaction
between cyt. c and inner membrane [38]. In our study, we used an isolation buffer that had low
ionic strength to prevent cyt. c dissociation.

Like cyt. c, Gpx4 was found in the membrane fractions and it was particularly enriched in the
inner membrane. This is consistent with Gpx4 being a small hydrophobic protein. In addition,
Gpx4 was an integral protein in the inner membrane but not peripherally bound because alkaline
condition failed to elute Gpx4 from the inner membrane as shown in Figure 6B [43]. Because
Gpx4 and cyt.c were both associated with inner mitochondrial membrane, Gpx4 could affect
cyt.c release from mitochondria through its effect on lipid peroxidation.

Studies with cells and isolated mitochondria suggest that CL peroxidation reduces cyt. c
binding to the inner mitochondrial membrane and therefore promotes cyt. c release from the
mitochondria [44,45]. We compared CL peroxidation in liver mitochondria isolated from Tg
(GPX4+/0), Gpx4+/− and Wt mice before and after treatment with diquat by measuring NAO
binding to the mitochondria. The lipophilic dye NAO binds to CL with high affinity and the
fluorochrome has no affinity for CL hydroperoxide (CLOOH) [32,46]; however, NAO is able
to bind to hydroxyl CL(CL-OH) [45]. Thus loss of mitochondrial bound NAO would suggest
CL peroxidation under the assumption that CL content remains unchanged. Figure 7A shows
that NAO binding to the mitochondria was reduced by 76% in Wt mice after diquat treatment,
indicating increased CL peroxidation after diquat treatment. Mitochondria isolated from
diquat-treated Tg(GPX4+/0) mice showed more (2.3-fold increase) NAO binding compared to
Wt, indicating that overexpression of Gpx4 reduced the level of CL peroxidation induced by
diquat. Figure 7B shows that NAO binding to the mitochondria was significantly lower in both
untreated (23% lower) and treated (33% lower) Gpx4+/− mice when compared to Wt mice,
indicating that Gpx4 deficiency increased endogenous and diquat induced CL peroxidation.

To exclude the possibility that altered CL content contributed to the differences in NAO
binding, we measured the levels of CL (total CL including CL, CL-OOH, and CL-OH) in the
liver mitochondria. The data in Table 1 show there was no difference in the CL content between
the Wt and Tg(GPX4+/0) mice treated or untreated with diquat. When comparing Gpx4+/− and
Wt mice, we found that Gpx4+/− mice tended to have less CL than Wt mice; however, this
difference was significant only for the untreated mice. Therefore, the changes in NAO binding
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in the diquat-treated Tg(GPX4+/0) and Gpx4+/− mice observed in Figure 7 were not due to
differences in CL content. We conclude that diquat induced CL peroxidation without altering
CL content and that Gpx4 prevented diquat-induced CL peroxidation.

Discussions
Oxidative stress is known to induce apoptosis; however, the underling mechanism is not clear.
In this study, we show for the first time that the levels of Gpx4 inversely correlate with the in
vivo levels of apoptosis after an oxidative stress, e.g., Tg(GPX4+/0) mice are protected from
diquat-induced apoptosis whereas Gpx4+/− mice are more sensitive to diquat-induced
apoptosis. Our data are in agreement with previous studies showing that the overexpression of
Gpx4 in cells inhibits the induction of apoptosis. Because the major function of Gpx4 is to
repair membrane lipid peoxidation, lipid peroxidation appears to play a major role in oxidative
stress induced apoptosis.

Cyt.c release from mitochondria in response to oxidative stress is a key step in apoptosis. Our
data show that both cyt. c and Gpx4 were primarily located at the inner mitochondrial
membrane, suggesting that Gpx4 is in a cellular location that allows it to affect directly cyt. c
release. In fact, we found that Tg(GPX4+/0) mice, which were resistant to the induction of
apoptosis, showed reduced cyt.c release. In contrast, Gpx4+/− mice, which were more sensitive
to the induction of apoptosis, showed enhanced cyt.c release.

How does Gpx4 effectively protect against cyt. c release? At the inner mitochondrial
membrane, cyt. c has been shown to bind to CL with high affinity through electrostatic and
hydrophobic interactions [40]. CL is a unique phospholipid localized exclusively in
mitochondria that is vulnerable to free radical oxidation because of its high content (80–90%)
of linoleic acid [47]. Studies in vitro and with cell culture show that oxidation of CL reduces
cyt. c binding to CL, allowing cyt.c to be released from the mitochondria and to initiate
apoptosis [44,45,48]. Fore example, using monolyers of CL (and other phospholipids), Nomura
et al. [45] showed that autoxidation of CL to CLOOH decreases cyt. c binding and cyt. c bound
to CLOH with the same affinity as CL; autoxidation of other phospholipids had no effect on
their binding of cyt. c. They also observed a similar phenomenon of cyt. c binding with
liposomes containing CL, CLOOH and CLOH. Interestingly, they showed that CLOOH
liposomes treated with Gpx4 were able to bind cyt. c as well as non-oxidized CL liposomes.
Studies with isolated mitochondria [47] or cells [44,45,48] also showed the peroxidation of
CL reduced cyt. c binding, and cells overexpressing Gpx4 showed reduced CLOOH levels and
reduced release of cyt. c from mitochondria. Using oxidative lipidomics to study the role of
lipid peroxidation in apoptosis, Kagan et al. [49] showed that CL was the only phospholipid
in the mitochondria that underwent early oxidation during the induction of apoptosis in human
leukemia HL-60 cells and mouse embryonic cells. Because CL peroxidation could play a
pivotal role in cyt. c release, we measured the levels of CL peroxidation in Wt mice and mice
with altered levels of Gpx4. We found that diquat-induced CL peroxidation was reduced in Tg
(GPX4+/0) mice and increased in Gpx4+/− mice, compared to WT mice. In other words, our
data show that diquat-induced CL peroxidation in vivo was correlated to cyt. c release from
mitochondria.

It also has been shown that CL peroxidation promotes mitochondrial outer membrane
permeabilization (MOMP) [49], another step involved in the release of cyt. c from
mitochondria. Therefore, Gpx4 could alter cyt. c release in response to diquat-treatment at the
level of MOMP. To test this possibility, we measured the release of the apoptogenic factors
Smac/DIABLO and Omi/HtrA2 from mitochondria because they are found primarily in the
intermembrane space and their release from mitochondria is dependent upon on the MOMP
[38]. We found that Gpx4 expression had no effect on diquat-induced Smac/DIABLO and
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Omi/HtrA2 release from mitochondria, i.e., the alterations in cyt. c release in Tg(GPX4+/0) and
Gpx4+/− mice do not appear to arise from alterations in the MOMP.

Our study would suggest that mitochondrial apoptogenic proteins are not equally important in
diquat-induced liver apoptosis. Our data showed that the level of cyt.c release correlated with
the level of apoptosis, suggesting that cyt.c release plays a critical role in diquat-induced liver
apoptosis. In contrast, it appears that role of Smac/DIABLO and Omi/HtrA2 in diquat-induced
liver apoptosis is limited. This is due to the fact that the level of Smac/DIABLO and Omi/
HtrA2 release did not correlate with the level of apoptosis, e.g., Tg(GPX4+/0) mice showed
significantly less apoptosis while they had the same levels of Smac/DIABLO and Omi/HtrA2
release compared to Wt mice; moreover, Gpx4+/− mice had significantly more apoptosis, but
they still had the same levels of Smac/DIABLO and Omi/HtrA2 release comparable to Wt
mice. It would be of great interest to study further the roles of various apoptogenic proteins as
well as Gpx4 in diquat-induced apoptosis using isolated hepatocyte from Tg(GPX4+/0) and
Gpx4+/− mice.

Oxidative stress and lipid peroxidation have been implicated in neurodegenerative diseases,
such as Alzheimer’s disease and Parkinson’s disease [50]. Now emerging evidence shows that
Gpx4 could play a critical role in neurodegeneration. Gpx4 mRNA has been found in neurons
of cortex, hippocampus and cerebellum, whereas the expression was not detected in glial cells
[51]. Primary culture cortical neurons derived from Tg(GPX4+/0) mice had increased cell
survival and a reduced level of apoptosis after exposure to t-butyl hydroperoxide, hydrogen
peroxide, and Abeta25–35 [52]. In contrast, knocking down Gpx4 in the neuronal cells by
small, interfering RNA triggered apoptosis as evidenced by caspase-3 activation [51].
Recently, Seiler et al. reported the generation of neuronal-specific Gpx4 knockout mice [53].
It was found that neuronal-specific Gpx4 deletion caused massive neurodegeneration in
hippocampus and cortex. The neuronal specific Gpx4 null pups developed seizures and had to
be euthanized no later than postnatal day 13. Interestingly, it appeared that Gpx4 deletion
resulted in an AIF-mediated neuronal cell death that was downstream of 12/15-lipoxygenase
and was independent of caspase-3 activation. Understanding the mechanism by which Gpx4
inhibits apoptosis will be valuable for designing therapeutic approaches for treating
neurodegenerative diseases, where neuronal cell death plays a critical role.

In summary, our study showed that Gpx4 plays a regulatory type role in oxidative stress induced
apoptosis in vivo. Based on our data, we propose that Gpx4 prevents oxidative stress-induced
release of cyt. c from the inner mitochondria membrane by reducing CL peroxidation because
of its unique activity (ability to reduce complex lipid hydroperoxides) and its location in the
inner mitochondrial membrane. Thus, alterations in Gpx4 levels/activity would lead to changes
in the ability of cells/tissues to respond to oxidative stress.
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Figure 1. The effect of Gpx4 on diquat induced apoptosis
Mice were treated with diquat (50 mg/kg). The levels of liver apoptosis and caspase 9 activation
were determined as described in the Experimental Procedures. Panel A: Time course for the
induction of apoptosis in the livers of Wt mice. The asterisks show those values that are
significantly different from untreated controls. Panel B: Level of apoptosis in the livers of Wt
(open bars) and Tg(GPX4+/0) (solid bars) mice untreated or treated with diquat for 6 hours.
Panel C: Level of apoptosis in the livers of Wt (hatched bars) and Gpx4+/− mice (shaded bars)
mice untreated or treated with diquat for 6 hours. Panel D: Photograph of a representative
western blot showing cleaved caspase-9 (p17) in the liver homogenates isolated from Wt and
Tg(GPX4+/0) mice untreated or treated with diquat for 6 hours. Panel E: Quantification of
cleaved caspase-9 (p17) from Wt (open bars) and Tg(GPX4+/0) (solid bars) mice as determined
from the Western blots. All values are the mean ± SEM of data obtained from 3–4 mice. The
asterisks in Panels B, C, and E show those values that are significantly different.
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Figure 2. The levels of Gpx4 in Tg(GPX4+/0) and Gpx4+/− mice
Tg(GPX4+/0) and Gpx4+/− mice and their corresponding Wt littermates were either untreated
or treated with diquat. Gpx4 protein levels in the liver were determined by Western blotting
as described in the Experimental Procedures. Panel A: Quantification of Gpx4 protein levels
in the liver of Tg(GPX4+/0) mice (solid bars) and their Wt littermates (open bars) as determined
from the Western blotting. Panel B: Quantification of Gpx4 protein levels the liver of
Gpx4+/− mice (shaded bars) and their Wt littermates (hatched bars) as determined from the
Western blotting. Values are mean ± SEM of data obtained from 3–4 mice. The asterisks
indicate those differences that are significantly different.
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Figure 3. Effect of Gpx4 on diquat-induced cyt. c release
Tg(GPX4+/0) and Gpx4+/− mice and their corresponding Wt littermates were either untreated
or treated with diquat. Cyt. c release was determined by Western blotting and
immunohistochemistry as described in the Experimental Procedures. Panel A: Photograph of
a representative Western blotting showing cyt. c release into the cytosol in Tg(GPX4+/0) mice
and their Wt littermates. Panel B: Quantification of cyt.c release in Tg(GPX4+/0) mice (solid
bars) and their Wt littermates (open bars) as determined from the Western blotting. Panel C:
Photograph of representative liver sections from Wt and Tg(GPX4+/0) mice. Sections were
immunostained with the anti-cyt. c antibody. Arrows show examples of cyt. c positive cells.
Original magnification: ×200. Scale bar=50 µm. Panel D: Photograph of a representative
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Western blotting showing cyt. c release into the cytosol in Gpx4+/− mice and their Wt
littermates. Panel E: Quantification of cyt.c release in Gpx4+/− mice (shaded bars) and their
Wt littermates (hatched bars) as determined from the Western blotting. Values are mean ± SEM
of data obtained from 3–4 mice. The asterisks indicate those differences that are significantly
different.
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Figure 4. Effect of Gpx4 on diquat-induced Smac/DIABLO release from liver mitochondria
Tg(GPX4+/0) and Gpx4+/− mice and their corresponding Wt littermates were either untreated
or treated with diquat. Smac/DIABLO release was determined by measuring the levels of Smac/
DIABLO in the cytosol using Western blotting as described in the Experimental Procedures.
Panel A: Photograph of a representative Western blot showing Smac/DIABLO release into the
cytosol from the Tg(GPX4+/0) mice and their Wt littermates. Panel B: Quantification of Smac/
DIABLO release in the Tg(GPX4+/0) mice (solid bars) and their Wt littermates (open bars) as
determined from the Western blotting. Panel C: Photograph of a representative Western
blotting showing Smac/DIABLO release into the cytosol from the Gpx4+/− mice and their Wt
littermates. Panel D: Quantification of Smac/DIABLO release in the Gpx4+/− mice (shaded
bars) and their Wt littermates (hatched bars) as determined from the Western blotting. All
values are mean ± SEM of data obtained from 3–4 mice. The asterisks indicate the differences
that are significantly different.
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Figure 5. Effect of Gpx4 on diquat-induced Omi/HtrA2 release from liver mitochondria
Tg(GPX4+/0) and Gpx4+/− mice and their corresponding Wt littermates were either untreated
or treated with diquat. Omi/HtrA2 release was determined by measuring the levels of Omi/
HtrA2 in the cytosol using Western blotting as described in the Experimental Procedures. Panel
A: Photograph of a representative Western blot showing Omi/HtrA2 release into the cytosol
from the Tg(GPX4+/0) mice and their Wt littermates. Panel B: Quantification of Omi/HtrA2
release in the Tg(GPX4+/0) mice (solid bars) and their Wt littermates (open bars) as determined
from the Western blotting. Panel C: Photograph of a representative Western blotting showing
Omi/HtrA2 release into the cytosol from the Gpx4+/− mice and their Wt littermates. Panel D:
Quantification of Omi/HtrA2 release in the Gpx4+/− mice (shaded bars) and their Wt littermates
(hatched bars) as determined from the Western blotting. All values are mean ± SEM of data
obtained from 3–4 mice. The asterisks indicate the differences that are significantly different.

Liang et al. Page 18

Free Radic Biol Med. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Submitochondrial localization of Gpx4 and apoptogenic proteins
Submitochondrial fractions were obtained as described in the Experimental Procedures.
Localizations of Gpx4 and apoptogenic proteins are shown by Western blotting. Panel A:
Photograph of a representative Western blot showing the localization of Gpx4 and apoptogenic
proteins in the mitochondria. Panel B: Photograph of a representative Western blotting showing
the integral membrane association of Gpx4 with the inner membrane.
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Figure 7. Effect of Gpx4 on CL peroxidation
Tg(GPX4+/0) and Gpx4+/− mice and their corresponding Wt littermates were either untreated
or treated with diquat and CL peroxidation determined by measuring mitochondrial bound
NAO as described in the Experimental Procedures. Panel A: Quantification of CL peroxidation
in Tg(GPX4+/0) mice (solid bars) and their Wt littermates (open bars). Panel B: Quantification
of CL peroxidation in Gpx4+/− mice (shaded bars) and their Wt littermates (hatched bars). All
values are mean ± SEM of data obtained from 4 mice. The asterisks indicate the differences
that are significantly different.
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Table 1

CL content of isolated mitochondria

nmol CL/mg mitochondrial protein

Wt Tg(GPX4+/0) Wt Gpx4+/−

Control 32.7 ± 2.1 31.8 ± 2.1 40.4 ± 2.8 31.9 ± 0.9*
Diquat 33.5 ± 1.5 33.4 ± 0.4 42.3 ± 0.8 37.5 ± 0.8

Tg(GPX4+/0) and Gpx4+/− mice and their corresponding Wt littermates were either untreated or treated with diquat for 6 hours. Liver mitochondria were
isolated, and CL content in the isolated mitochondria determined by HPLC as described in the EXPERIMENTAL PROCEDURES. All values are mean
± SEM of data obtained from 3–4 mice.

*
significantly different from Wt control.
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