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Abstract
Glutathione peroxidase 4 (Gpx4) is an antioxidant defense enzyme important in reducing
hydroperoxides in membrane lipids and lipoproteins. Gpx4 is essential for survival of embryos
and neonatal mice; however, whether Gpx4 is required for adult animals remains unclear. In this
study, we generated a floxed Gpx4 mouse (Gpx4(f/f)), in which exons 2–4 of Gpx4 gene are
flanked by loxP sites. We then cross-bred the Gpx4(f/f) mice with a tamoxifen (tam)-inducible Cre
transgenic mouse (R26CreER mice) to obtain mice in which the Gpx4 gene could be ablated by
tam administration (Gpx4(f/f)/Cre mice). After treatment with tam, adult Gpx4(f/f)/Cre mice (6–9
months of age) showed a significant reduction of Gpx4 levels (a 75–85 % decrease) in tissues such
as brain, liver, lung and kidney. Tam-treated Gpx4(f/f)/Cre mice lost body weight and died within
2 weeks, indicating that Gpx4 is essential for survival of adult animals. Tam-treated Gpx4(f/f)/Cre
mice exhibited increased mitochondrial damage, as evidenced by the elevated 4-hydroxylnonenal
(4-HNE) level, decreased activities of electron transport chain complex I and IV, and reduced ATP
production in liver. Tam treatment also significantly elevated apoptosis in Gpx4(f/f)/Cre mice.
Moreover, tam-treated Gpx4(f/f)/Cre mice showed neuronal loss in hippocampus region and had
increased astrogliosis. These data indicate that Gpx4 is essential for mitochondria integrity and
survival of neurons in adult animals.
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Introduction
Reactive oxygen species (ROS), such as superoxide anions (O2

˙−) and hydrogen peroxide
(H2O2), are generated in aerobic organisms by a variety of pathways [1]. Although ROs may
be essential for cell signaling [2], high concentrations of ROS is deleterious by inducing
oxidative damage to macromolecules such as lipids, proteins, and DNA [3]. Polyunsaturated
fatty acids in membranes are especially vulnerable to ROS, and the resultant lipid
peroxidation is a primary mechanism in the injury and death of cells, as lipid peroxidation
not only impairs membrane fluidity and the function of membrane proteins [4], but also
generates reactive aldehydes such as 4-hydroxylnonenal (4-HNE) and malondialdehyde
(MDA) that are highly toxic to cells [5].

Glutathione peroxidase 4 (Gpx4) is a member of selenoproteins glutathione peroxidase
family that catalyzes the reduction of peroxides using glutathione as electron donor [6].
However, Gpx4 is unique in that it can reduce hydroperoxides in membrane lipids (e.g.,
phospholipids, cholesterol, and cholestryl ester) because of its small size, large hydrophobic
surface, and high affinity for lipid hydroperoxides [6, 7]. Mitochondria are the major source
of cellular ROS. ROS can damage mitochondria membrane lipids, leading to impaired
mitochondrial functions [8] and elevated apoptosis [9]. Because of its ability to repair
oxidation damage to cardiolipin, a mitochondria specific phospholipid [10, 11], Gpx4 plays
an important role in protecting mitochondrial function and suppressing apoptosis.

The importance of Gpx4 in vivo is shown by the phenotypes of Gpx4 knockout mice. For
example, Gpx4 homozygous knockout (Gpx4−/−) embryos were shown to die in utero by
midgestation (E7.5) [12, 13]. And Seiler et al showed that neuron-specific Gpx4 knockout
mice were neonatally lethal [14]. These studies demonstrate that Gpx4 is essential for the
survival of embryos and neonatal animals that are undergoing rapid development; however,
the importance of Gpx4 in adult animals remains unclear. To determine the importance of
Gpx4 in adult animals, we generated adult mice that were deficient in Gpx4 using an
inducible knockout approach. Our results indicated that ablation of Gpx4 in adult mice was
lethal. Moreover, adult mice with deficiency in Gpx4 showed mitochondrial dysfunction,
increased apoptosis and neurodegeneration in brain.

Materials and methods
1. Animals

To generate a mouse model with inducible knockout of Gpx4, we used the targeting vector
(shown in Figure 1) containing a floxed allele of Gpx4 gene (the exon 2, 3 and 4 of Gpx4
gene were flanked by two LoxP sites in the same direction) as well as a neo cassette flanked
by two Frt sites. The targeting vector was electroporated into mouse ES cells at the
Transgenic Core of University of Michigan, and the targeted allele was screened by
Southern blots (shown in Figure 1B and 1C). ES cell clones that carried the targeted allele
were identified, expanded and injected into C57/B6J blastocysts. Chimera mice were bred
with female C57/B6J mice to obtain mice with a targeted allele of Gpx4 gene. Mice with the
targeted allele of Gpx4 gene were then bred with transgenic mice expressing FLPe
recombinase (stock#005703, The Jackson Laboratory, Bar Harbor, ME 04609) to remove
the neo cassette to obtain mice with the floxed allele of Gpx4 gene [Gpx4(f/f)]. A PCR
based genotyping protocol was developed to genotype the Gpx4(f/f) mice (Forward, 5'-TAC
TGC AAC AGC TCC GAG TTC-3'; Reverse, 5'-GGT GCC AAA GAA AGA AAG
TCC-3') (Figure 1D).
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Gpx4(f/f) mice were cross-bred with R26CreER transgenic mice (The Jackson Laboratory,
Bar Harbor, ME 04609), which express a tamoxifen (tam)-inducible Cre recombinase driven
by the Gt(ROSA)26Sor promoter [15], to generate the Gpx4(f/f)/Cre mice.

Tamoxifen (T5648, Sigma Chemical Co., St. Louis, MO) was dissolved in corn oil at a
concentration of 30 mg/ml. Tam was administered to mice (6–9 months of age, male and
female) intraperitoneally at a dose of 60mg/kg for a total of four injections (once every other
day)

2. Western blots
Measurement of Gpx4 expression—Tissues were homogenized in RIPA buffer [20
mM Tris, pH 7.4, 0.25 M NaCl, 1 mM EDTA, 0.5% NP-40, and 50 mM sodium fluoride]
supplemented with protease inhibitors (539134, EMD Biosciences Inc., San Diego, CA).
Gpx4 protein levels in tissues and other antioxidant defense enzymes were determined by
Western blots as described previously [12]. The protein level of β-actin was used to adjust
for loading.

Measurement of mitochondrial 4-HNE level—Mitochondria from liver were isolated
by homogenization followed by two-step centrifugation: 10 min at 1000 g to remove
unbroken cells/tissue and at 10,000 g for 10 min to pellet the mitochondria. Mitochondria
were homogenized in RIPA buffer supplemented with protease inhibitors (539134, EMD
Biosciences Inc., San Diego, CA). Protein concentration was measured with the Bradford
method. The mitochondrial proteins were separated by 4–20% SDS-polyacrylamide gel
electrophoresis and transferred to nitrocellulose membranes. The membrane was blocked for
1 hour in 10% non-fat dry milk and incubated with an anti-4-HNE antibody (R&D Systems,
Minneapolis, MN) overnight at 4°C. The bands were visualized using the ECL Kit
(RPN2132, GE Healthcare, Piscataway, NJ). 4-HNE adducts bands were quantified using
ImageQuant 5.0 software and normalized to β-actin. The mean level of 4-HNE adducts (the
ratio of 4HNE to β-actin determined by densitometry) in Gpx4(f/f) mice was assigned as 1
arbitrarily, and relative data are expressed as mean ± SEM.

3. Measurement of mitochondrial function
Liver tissues were homogenized in buffer 1 (250 mM mannitol, 75 mM sucrose, 500 μM
EGTA, 100 μM EDTA, and 10 mM Hepes, pH 7.4) supplemented with protease inhibitor
cocktail (539134, EMD Biosciences Inc., San Diego, CA).To obtain mitochondria, the
homogenates were centrifuged at 600 g for 10 min at 4°C, the supernatants were then
centrifuged at 10,000 g for 20 min at 4°C. The mitochondrial pellets were washed twice and
used to measure ATP production and mitochondrial respiratory chain complex activities.
The supernatants were further centrifuged at 100, 000 g for 60 min at 4°C to obtain the
cytosolic fraction. Mitochondrial pellets were resuspended in ACA/BT buffer (750 mM 6-
aminocaproic acid and 50 mM bistris, pH 7.0) plus n-dodecyl-maltoside (1%) and protease
inhibitors and incubated at 4°C for 45 min. After centrifugation at 100,000 g at 4°C for 15
min, the supernatants were removed to measure the activities of the mitochondrial
respiratory chain complexes. Complex I activity was measured by monitoring the oxidation
of NADH at 340nm using ubiquinone-2 as electron acceptor in the presence of DCPIP
(dichlorophenol indophenol). Complex II activity was measured by monitoring succinate-
dependent reduction of DCPIP at 600nm using ubiquinone-2 as an electron acceptor as
described by Hatefi [16]. Complex III activity was measured by monitoring the reduction of
cyt. c (III) at 550 nm using D-ubiquinol-2 as an electron donor as described by Camacho et
al [17]. The activity of Complex IV was measured by monitoring the oxidation of cyt. c+2 at
550 nm. All data are expressed as μmol/min/ mg protein.
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ATP production was measured by ATP luminescence Assay Kit CLS II (Roche, Germany).
In brief, 1 μg of isolated mitochondrial proteins was added to 200 μl of reaction mixture
with 2.5 mM glutamate and 2.5 mM malate or with 10 mM succinate plus 1 μM rotenone.
ADP was added to a final concentration of 6.25 mM. The luminescence was chased at 560
nm for 5 min. The linear portion of the curve was used to extrapolate the variation in
luminescence per unit of time. The variation in luminescence was then converted into ATP
concentration based on the values obtained from an ATP standard curve, and the data were
expressed as nmol of ATP/min/mg proteins.

4. Apoptosis measurements
The number of apoptotic nuclei in liver was determined using the In Situ Oligo Ligation
(ISOL) Kit with OligoB (S7200, Chemicon/Millipore, Billerica, MA), as described
previously [11]. The slides were visualized using a light microscopy using a 40× objective.
Ten random fields from each slide were selected for analysis in a blinded manner. The
percentage of apoptotic cells in total cell population was calculated.

To measure cyt. c release, liver cytosolic fractions were obtained as described above.
Cytosolic proteins were separated by 4–20% SDS-polyacrylamide gel, transferred to
nitrocellulose membranes, and subjected to Western blot analysis with an anti-cyt. c
antibody (4272S, Cell Signaling Technology, Beverly, MA). The intensities of cyt. c bands
were quantified by ImageQuant 5.0 and normalized to that of IκB-a, a cytosolic protein
loading control. Cleaved caspase-3 protein levels in liver tissues were determined by
Western blots using an anti-caspase-3 antibody (sc-7148, Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA)

5. Measurement of neurodegeneration
Mice were anesthetized and perfused transcardially, first with saline, then with 4% para-
formaldehyde. Perfused brains were collected, post-fixed in 4% paraformaldehyde at 4°C
overnight, equilibrated in 30% sucrose in PBS for 1–2 days at 4°C. The brains were then
frozen by submersion in 2-metylbutane chilled in dry ice. The brain sections at a thickness
of 30 μm were made using a frozen microtome.

For immunofluorescence staining, brain sections were blocked with blocking buffer (PBS
supplemented with 0.05% Triton-X100 and 10% goat serum) for 1 hour and then incubated
with primary antibody anti-NeuN (MAB377, Millipore, Billerica, Massachusetts) or anti-
GFAP (3670, Cell Signaling Technology, Beverly, MA) in PBS supplemented with 0.05%
Triton-X100 at 4°C overnight. The sections then washed 3 times with PBS and incubated
with the fluorphore-conjugated secondary antibody (Alexa Fluor 488, goat anti-mouse IgG,
Invitrogen, Carlsbad, CA) in PBS for 1 hour at room temperature. After washing 3 times,
slides were mounted with ProLong Gold Antifade Reagent (P36930, Invitrogen, Carlsbad,
CA). Brain slides were examined under a confocal microscope (Nikon TE-2000U).

Hippocampus tissue was homogenized in PBS buffer supplemented with 0.5% Triton X-100
and protease inhibitor (539134, EMD Biosciences Inc., San Diego, CA). NeuN,
synapthophysin and GFAP levels were determined by Western blots using respective
antibodies (anti-NeuN, Millipore, Billerica, MA; anti-Synaptophysin and anti-GFAP, Cell
Signaling Technology, Beverly, MA). The intensities of the bands were quantified with
ImageQuant 5.0 software and normalized to that of β-actin.
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6. Statistics
Data are expressed as mean ± SEM. Results were statistically analyzed using two-way
ANOVA or Student's t-test when appropriate. Statistical significance was set to a minimum
of p < 0.05.

Results
1. Ablation of Gpx4 in adult mice was lethal

As shown in Figure 1, we generated a floxed Gpx4 mouse model (Gpx4(f/f) mouse), in
which exons 2, 3 and 4 of the Gpx4 gene are flanked by loxP sites. We then cross-bred
Gpx4(f/f) mice with R26CreER transgenic mice to generate Gpx4(f/f) mice with the
R26CreER transgene: Gpx4(f/f)/Cre mice. Because the R26CreER transgene encodes a
tamoxifen (tam)-activatable Cre recombinase, administration of tam will lead to knockout of
Gpx4 expression in Gpx4(f/f)/Cre mice.

To determine the role of Gpx4 in adult mice, we administrated tam to Gpx4(f/f)/Cre mice
and control Gpx4(f/f) mice (which lacked the tam-activatable Cre recombinase), at 6–9
months of age. Mice received four injections (i.p.) of tam over a period of eight days. The
body weights of tam-treated Gpx4(f/f)/Cre mice and control Gpx4(f/f) mice were monitored.
As shown in Figure 2A, the body weights of tam-treated Gpx4(f/f)/Cre mice and Gpx4(f/f)
mice were similar until after the 3rd injection of tam. After the 3rd injection, a decrease in
body weight was observed in tam-treated Gpx4(f/f)/Cre mice, and the difference in body
weight between Gpx4(f/f)/Cre mice and control Gpx4(f/f) mice became significant one week
after the last injection. As shown in Figure 2B, all tam-treated Gpx4(f/f)/Cre mice died
within two weeks after the tam treatment. Tam-treated Gpx4(f/f)/Cre mice were lethargic
and cold to the touch with virtually no movement before they died. No gender difference in
body weight loss and time of death was observed. In contrast, all tam-treated Gpx4(f/f) mice
survived and showed no abnormally behaviors. In subsequent experiments, we selected to
study Gpx4(f/f)/Cre mice at one week after the 4th injection of tam, because at this point
Gpx4(f/f)/Cre mice showed abnormalities but the majority of mice were still alive.

To determine the effect of tam administration on Gpx4 expression, we compared Gpx4
protein levels in Gpx4(f/f)/Cre mice and Gpx4(f/f) mice by Western blots. Figure 3 shows
the levels of Gpx4 protein in liver, lung, kidney, and brain (cortex and hippocampus) tissues
of tam-treated Gpx4(f/f)/Cre mice and tam-treated Gpx4(f/f) mice at one week post tam
injection. Compared to Gpx4(f/f) mice, Gpx4(f/f)/Cre mice showed a 75–85% reduction of
Gpx4 protein levels in tissues at this point. This result indicates that tam administration
resulted in knockout of Gpx4 expression in Gpx4(f/f)/Cre mice. The presence of small
amount of Gpx4 protein in Gpx4(f/f)/Cre mice is expected, as residual Gpx4 from cells that
did not express the tam-activatable Cre recombinase or from Gpx4 that had not turned over
could still be detected.

2. Mitochondrial dysfunction in tam-treated Gpx4(f/f)/Cre mice
We previously showed that a deficiency of Gpx4 increased lipid peroxidation in
mitochondria [18]. 4-HNE is a production of oxidation of lipids such as cardiolipin in
mitochondria [19]; to determine whether ablation of Gpx4 increased lipid peroxidation in
adult mice, we compared 4-HNE protein adducts levels in whole homogenates and
mitochondrial proteins from livers of tam-treated Gpx4(f/f)/Cre mice and Gpx4(f/f) mice by
Western blots. 4-HNE protein adducts level was significantly increased (a 50% increase) in
mitochondrial proteins from liver of tam-treated Gpx4(f/f)/Cre mice (Figure 4A); however,
no difference in 4-HNE levels in liver whole homogenates of tam-treated Gpx4(f/f)/Cre
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mice and tam-treated Gpx4(f/f) mice was observed (Figure 4A), indicating that Gpx4
ablation specifically elevated mitochondrial lipid peroxidation in adult mice.

To determine the effect of Gpx4 ablation on mitochondrial function in adult mice, we
measured electron transport chain (ETC) complex activities and ATP production in
mitochondria isolated from tam-treated Gpx4(f/f)/Cre mice and tam-treated Gpx4(f/f) mice.
As shown in Figure 4B–4E, tam-treated Gpx4(f/f)/Cre mice had significantly reduced
activities of complex I (a 37% reduction) and complex IV (a 30% reduction) compared to
tam-treated control Gpx4(f/f) mice. Mitochondria from the livers of tam-treated Gpx4(f/f)/
Cre mice also had a significant decrease (40% reduction) in ATP production (Figure 4F).
Thus, Gpx4 ablation significantly decreased mitochondrial electron transport chain complex
I and complex IV activities and reduced ATP generation in adult mice.

3. Increased apoptosis in tam-treated Gpx4(f/f)/Cre mice
Our previous results indicated that Gpx4 levels regulate mitochondrial apoptosis [11];
therefore, we also determined whether apoptosis was higher in tam-treated Gpx4(f/f)/Cre
mice. We measured apoptosis by three independent methods. First, we used the ISOL assay
to detect the presence of double-strand DNA breaks, which are indicative of end-stage
apoptosis [20]. Figure 5A and 5B are image of liver sections from tam-treated Gpx4(f/f)/Cre
mice and tam-treated Gpx4(f/f) mice that show the presence of apoptotic cells in tam-treated
Gpx4(f/f)/Cre mice. The percentages of apoptotic cells were quantified and shown in Figure
5C. A significant increase (11 folds) in numbers of apoptotic cells was observed in tam-
treated Gpx4(f/f)/Cre mice. Second, we measured caspase-3 activation. The levels of
activated caspase-3 (i.e., cleaved caspase-3) were determined by Western blots (Figure 5D),
and the data in Figure 5E show that tam-treated Gpx4(f/f)/Cre mice had a significant
increase (3.3 folds) in levels of activated caspase-3. Third, we measured cyt. c release into
cytosol. As shown in Figure 5F, tam-treated Gpx4(f/f)/Cre mice had significantly higher (an
increase of 50%) levels of cyt. c in cytosolic subcellular fractions. Therefore, these data
demonstrate that Gpx4 ablation significantly elevated apoptosis in livers of adult mice.

4. Neurodegeneration and increased glia activation in tam-treated adult Gpx4(f/f)/Cre mice
Neuronal loss was reported in the hippocampus region of neuron-specific Gpx4 knockout
mice [14], and we had previously shown that Gpx4 was important in protecting neurons
against oxidative insults and Aβ toxicity [21]. To determine whether ablation of Gpx4
affected neuron survival in adult mice, we performed histological analysis of brain sections
stained with an antibody to NeuN, a neuron-specific marker. Figure 6A and 6B show images
of NeuN-stained brain sections from tam-treated Gpx4(f/f)/Cre mice and tam-treated
Gpx4(f/f) mice, respectively. Compared to tam-treated Gpx4(f/f) mice, tam-treated Gpx4(f/
f)/Cre mice showed noticeable neuronal loss in the CA1 region of hippocampus. To confirm
the histological observation, we compared levels of two neural specific proteins, NeuN and
synaptophysin, in hippocampus of tam-treated Gpx4(f/f)/Cre mice and tam-treated Gpx4(f/f)
mice by Western blots (Figure 6C). The data in Figure 6D and 6E show that, compared to
tam-treated Gpx4(f/f) mice, tam-treated Gpx4(f/f)/Cre mice had significantly reduced levels
of both NeuN and synaptophysin in hippocampus. Thus, these data demonstrate that Gpx4
ablation led to neurodegeneration in hippocampus region of adult Gpx4(f/f)/Cre mice.

Activation of glia cells such as astrocytes could contribute to neurodegeneration, so we also
determined the effect of Gpx4 ablation on glia activation by staining brain sections with an
antibody against glial fibrillary acidic protein (GAFP), a marker of activated astrocytes.
Figure 7A and 7B show images of brain sections of hippocampus region from tam-treated
Gpx4(f/f)/Cre mice and tam-treated Gpx4(f/f) mice, respectively. Compared to tam-treated
Gpx4(f/f) mice, tam-treated Gpx4(f/f)/Cre mice showed increased GFAP staining in
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hippocampus. We further compared GFAP protein levels in these two groups of mice by
Western blots (Figure 7C). As shown in Figure7D, tam-treated Gpx4(f/f)/Cre mice had
significantly increased levels of GFAP protein, indicating elevated astrocyte activation.

Discussion
Gpx4, a member of the selenoprotein glutathione peroxidase family [6], is present at a
relatively low level in mitochondria, cytosol, and nucleus of somatic tissues [22, 23]. While
all selenoprotein glutathione peroxidases reduce hydrogen peroxide and alkyl
hydroperoxides (e.g., cumene hydroperoxide, tert-butylhydroperoxide, and hydroperoxy
fatty acids) using glutathione as hydrogen donor, Gpx4 is unique in that it also reduces
hydroperoxides in complex lipids such as phospholipids, cholesterol and cholesterol esters
[24]. Moreover, Gpx4 has the ability to reduce hydroperoxides integrated in membranes. It
is believed that the small size and unique structure allow Gpx4 to react directly with lipid
hydroperoxides in membranes [25]. Gpx4 is an essential for development, as whole body
Gpx4 knockout mice were embryonically lethal [12, 13], and neuron-specific Gpx4
knockout mice were neonatally lethal [14]. However, whether Gpx4 is essential for adult
animals was not clear. In this study, we generated a floxed-Gpx4 mouse model and used it to
investigate the effect of Gpx4 ablation in adult animals. In our experiments, we ablated
Gpx4 in adult Gpx4(f/f)/Cre mice at 6 to 9 months of age by administration of tam. We
showed that Gpx4(f/f)/Cre mice treated with tam had a decline in body weight and died
within two weeks. At present, we are not sure about the cause of death in Gpx4(f/f)/Cre
mice treated with tam. However, because those mice looked sick and died rather rapidly
with significant loss of body weight, we suspect that cachexia due to reduced food intake or
loss of appetite may be a contributing factor. Although the exact cause of death for tam-
treated Gpx4(f/f)/Cre mice remains to be determined, our data nonetheless demonstrate that
Gpx4 is essential for the survival of mice at adult stage.

Gpx4 plays an important role in regulating mitochondrial functions because of its role in
repairing oxidative damage to cardiolipin (CL). CL is a phospholipid found almost
exclusively in mitochondrial inner membrane. CL plays a pivotal role in maintaining
functions of mitochondrial inner membrane proteins [10] and exerts a major impact on
apoptosis because cyt. c, one of the important apoptogenic proteins in mitochondria, is
tightly associated with CL [26]. Oxidation of CL results in the dissociation of cyt. c from the
mitochondrial inner membrane [26] and the opening of the mitochondrial PT pore, which
lead to the release of cyt. c and other apoptogenic proteins to cytosol to induce apoptosis
[10]. Using oxidative lipidomics approach, Kagan et al identified CL oxidation as an early
event in apoptosis [27]. Gpx4 associates with the mitochondrial inner membranes and
reduces CL hydroperoxides efficiently [28]. The reduction of CL hydroperoxides by Gpx4
prevents cyt. c dissociation from mitochondrial inner membrane and its subsequent release
from mitochondria [10]. Liu et al showed recently that oxidation of CL results in 4-HNE
formation [19]. In our study, we observed increased levels of 4-HNE protein adducts in
mitochondria from tam-treated Gpx4(f/f)/Cre mice. The increase in mitochondrial 4-HNE
protein adducts in Gpx4(f/f)/Cre mice was correlated with decreased activities of
mitochondrial electron transport chain complex I and IV and reduced level of ATP
production. Moreover, the numbers of apoptotic cells and the levels of activated caspase-3
and cytosolic cyt. c were increased in livers of tam-treated Gpx4(f/f)/Cre mice. Therefore,
consistent with previous reports, our results demonstrate that Gpx4 plays a key role in
protecting the integrity of mitochondria.

Gpx4 appears to be very important for the survival of neurons. We previously showed that
overexpression of Gpx4 protected neurons against Aβ toxicity [21] and that Gpx4 deficiency
facilitated Aβ accumulation in an Alzheimer's mouse model [29]. In this study, we found
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that Gpx4 ablation resulted in loss of neurons in hippocampal CA1 region of adult Gpx4(f/
f)/Cre mice. The CA1 region of the hippocampus is a site of major neuron loss in
Alzheimer's brain [30, 31], and it was reported that hippocampal pyramidal neurons in this
region are particularly sensitive to oxidative stress [32–34]. Thus, our data indicate that
Gpx4 plays an important in the survival of CA1 neurons. Our results also showed that tam-
treated Gpx4(f/f)/Cre mice had increased activation of astrocytes, indicating that Gpx4 may
protect neurons by suppressing glia activation. An early report by Seiler et al showed that
mice with neuron specific knockout of Gpx4 was neonatally lethal and had abnormal
behaviors such as seizure [14]. This study further showed that mice with neuron specific
knockout of Gpx4 had neuronal loss at CA3 region of hippocampus. The different patterns
of neuronal loss between mice with neuron specific knockout of Gpx4 and tam-treated
Gpx4(f/f)/Cre mice are likely due to differences in cell-type specific expression of the Cre
and/or ages of animals. Despite the difference in regions of neuronal loss observed in these
two models, the data obtained from these two models clearly indicate that Gpx4 is important
for neuron survival.

In conclusion, our findings from this study indicate that Gpx4 is essential for survival of
adult mice. Moreover, our results indicate that Gpx4 is a key neural protective enzyme in
adult mice.
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Highlights

• A conditional Gpx4 knockout mouse model was generated.

• Gpx4 ablation in adult mice was lethal.

• Adult Gpx4 knockout mice showed elevated mitochondrial damage.

• Adult Gpx4 knockout mice had neurodegeneration in hippocampus.
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Figure 1.
Generation of a floxed Gpx4 mouse.
A. Illustrations of the wild-type Gpx4 (WT) gene allele, the targeting vector, the targeted
allele, and the floxed allele of Gpx4 gene. The black boxes indicate exons: E1, E1a, and E2–
E6 (left to right). The targeting vector was electroporated into ES cells. After standard
selection and screening procedures, ES cells were used to produce mice with the targeted
allele of Gpx4 gene. Mice with the targeted allele of Gpx4 gene were then cross-bred with
Flpe mice to generate mice with a floxed allele of Gpx4 gene, in which E2, E3 and E4 are
flanked by two loxP sites. B&C. Southern blot results showing the presence of the targeted
allele in ES cells (the left lane). B. Genomic DNA from two ES cell clones was digested
with HindIII and hybridized with Probe 2. The 15.5 kb fragment and the 11.0 kb fragment
were indicative of the WT allele and the targeted allele, respectively. C. Genomic DNA
from two ES cell clones was digested with EcoRI and hybridized with Probe 1. The 5.3 kb
fragment and the 7.6 kb fragment were indicative of the WT allele and the targeted allele,
respectively. The graph was rearranged. D. Identification of the floxed allele of Gpx4 gene
by PCR. Using primers described in the Materials and Methods, a 200bp fragment and a
600bp fragment were amplified from the WT allele and the floxed allele of tail DNA,
respectively. The genotypes are shown above.
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Figure 2.
Lethal phenotype of adult Gpx4(f/f)/Cre mice treated with tam.
A. Body weights of Gpx4(f/f)/Cre mice and Gpx4(f/f) mice (6–9 months of age) during and
after tam treatment (4 injections of tam) are shown (n=19 mice per group). *: p <0.05 B.
Survival of tam-treated Gpx4(f/f)/Cre mice (n = 21) and tam-treated Gpx4(f/f) mice (n =
21). The curves were found to be significantly different by Log-Rank test.
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Figure 3.
Reduced Gpx4 levels in tissues from tam-treated adult Gpx4(f/f)/Cre mice.
Gpx4 levels were measured by Western blots (Representative blots are shown. Some graphs
were rearranged.) in liver, lung, kidney, and brain (cortex and hippocampus) from tam-
treated Gpx4(f/f)/Cre mice and tam-treated Gpx4(f/f) mice. The mean levels of Gpx4 protein
(the ratio of Gpx4 to β-actin determined by densitometry) in Gpx4(f/f) mice were assigned
as 1 arbitrarily, and the relative data representing mean ± SEM are shown. *: p <0.05. n=3
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Figure 4.
Effect of Gpx4 ablation on mitochondrial function.
A. The levels of 4-HNE protein adducts in liver whole homogenates and mitochondrial
fractions of tam-treated Gpx4(f/f)/Cre mice and tam-treated Gpx4(f/f) mice. The activities of
electron transport chain complex I (B), II (C), III (D), IV (E), and ATP generation (F) of
isolated mitochondria from liver were measured in tam-treated Gpx4(f/f)/Cre mice and tam-
treated Gpx4(f/f) mice. The data representing mean ± SEM are shown. (*: p <0.05, n=3). G/
M: glutamate plus malate; Suc/Rot: succinate plus rotenone.
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Figure 5.
Elevated apoptosis in livers from tam-treated Gpx4(f/f)/Cre mice.
A&B. Graphs of liver sections stained for the presence of double-strand DNA breaks from
tam-treated Gpx4(f/f) mice (A) and tam-treated Gpx4(f/f)/Cre mice (B). Arrows indicate
cells positive for double-strand DNA breaks. C. The levels (expressed as percentages) of
apoptotic cells in livers of tam-treated Gpx4(f/f) mice and tam-treated Gpx4(f/f)/Cre mice.
The values are expressed as mean ± SEM. *: p<0.05. n=3. D. A graph of Western blots
showing levels of caspase-3 and cleaved caspase-3 in tam-treated Gpx4(f/f)/Cre mice and
tam-treated Gpx4(f/f) mice. E. The levels of cleaved caspase-3 in tam-treated Gpx4(f/f)
mice and tam-treated Gpx4(f/f)/Cre mice. F. The levels of cytosolic cyt. c in tam-treated
Gpx4(f/f) mice and tam-treated Gpx4(f/f)/Cre mice. The mean level of cleaved caspase-3 or
cytosolic cyt. c in Gpx4(f/f) mice was assigned as 1 arbitrarily, and the relative data
representing mean ± SEM are shown. *: p <0.05, n=3.
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Figure 6.
Neurodegeneration in tam-treated Gpx4(f/f)/Cre mice.
A&B. Images of brain sections of hippocampus regions stained with an anti-NeuN antibody
from tam-treated Gpx4(f/f)mice (A) and tam-treated Gpx4(f/f)/Cre mice (B). Arrows
indicate areas of neuronal loss. C. A graph of Western blots showing NeuN and
Synaptophysin (syn) levels in hippocampus of tam-treated Gpx4(f/f) mice and tam-treated
Gpx4(f/f) /Cre mice. D&E. Quantified results of NeuN levels (D) and Syn levels (E). The
mean level of NeuN or Syn in Gpx4(f/f) mice was assigned as 1 arbitrarily, and the relative
data representing mean ± SEM are shown. *: p <0.05, n=3.
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Figure 7.
Astrocyte activation in hippocampus of tam-treated Gpx4(f/f)/Cre mice.
A&B. Images of brain sections of hippocampus regions stained with an anti-GFAP antibody
from tam-treated Gpx4(f/f) mice (A) and tam-treated Gpx4(f/f)/Cre mice (B). C. A graph of
Western blots showing GFAP protein levels in hippocampus of tam-treated Gpx4(f/f) mice
and tam-treated Gpx4(f/f) /Cre mice. D. Quantified results of GFAP protein levels. The
mean level of GFAP in Gpx4(f/f) mice was assigned as 1 arbitrarily, and the relative data
representing mean ± SEM are shown. *: p <0.05, n=3.
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