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Glutathione peroxidase (GSHPx) is a critical intracellular en-
zyme involved in detoxification of hydrogen peroxide (H2O2) to
water. In the present study we examined the susceptibility of
mice with a disruption of the glutathione peroxidase gene to the
neurotoxic effects of malonate, 3-nitropropionic acid (3-NP),
and 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine (MPTP). Glu-
tathione peroxidase knock-out mice showed no evidence of
neuropathological or behavioral abnormalities at 2–3 months of
age. Intrastriatal injections of malonate resulted in a significant
twofold increase in lesion volume in homozygote GSHPx
knock-out mice as compared to both heterozygote GSHPx
knock-out and wild-type control mice. Malonate-induced in-
creases in conversion of salicylate to 2,3- and 2,5-
dihydroxybenzoic acid, an index of hydroxyl radical generation,
were greater in homozygote GSHPx knock-out mice as com-
pared with both heterozygote GSHPx knock-out and wild-type

control mice. Administration of MPTP resulted in significantly
greater depletions of dopamine, 3,4-dihydroxybenzoic acid,
and homovanillic acid in GSHPx knock-out mice than those
seen in wild-type control mice. Striatal 3-nitrotyrosine (3-NT)
concentrations after MPTP were significantly increased in
GSHPx knock-out mice as compared with wild-type control
mice. Systemic 3-NP administration resulted in significantly
greater striatal damage and increases in 3-NT in GSHPx knock-
out mice as compared to wild-type control mice. The present
results indicate that a knock-out of GSHPx may be adequately
compensated under nonstressed conditions, but that after ad-
ministration of mitochondrial toxins GSHPx plays an important
role in detoxifying increases in oxygen radicals.
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The formation of hydrogen peroxide and related oxygen radicals
is suspected to be involved in the mechanism of nerve cell death
and in neurodegenerative diseases such as Alzheimer’s disease,
Parkinson’s disease, and Huntington’s disease (Coyle and Putt-
farcken, 1993; Beal, 1995). There is substantial evidence that the
brain, which consumes large amounts of oxygen, is particularly
vulnerable to oxidative damage. The relative roles of endogenous
and exogenous antioxidants in protecting the brain against oxi-
dative stress are still being clarified. The major antioxidant de-
fenses consist of antioxidant scavengers such as glutathione, vita-
min C, vitamin E, and antioxidant enzymes.

The antioxidant enzymes in the brain include Cu,Zn- and
manganese superoxide dismutase, which catalyze the conversion
of O2

• to H2O2 (Fridovich, 1989). H2O2 is then converted to H2O
by either catalase or selenoglutathione peroxidases. Catalase is
thought to be relatively low in the brain and is localized to

peroxisomes (Gaunt and De Duve, 1976; Halliwell, 1992). The
selenoglutathione peroxidases include the “classic” enzyme sel-
enoglutathione peroxidase-I (GSHPx; GSH:H2O2 oxidoreduc-
tase, EC 1.11.19) and a more recently characterized phospholipid
hydroperoxide glutathione peroxidase (Fisher et al., 1999).
Among the brain glutathione peroxidases, only GSHPx is known
to reduce H2O2, indicating that GSHPx may be a major protec-
tive enzyme against the action of H2O2 in the brain (Jain et al.,
1991). Recent evidence showed that GSHPx also plays a major
role in detoxifying peroxynitrite (ONOO2) (Sies et al., 1997).
GSHPx is present both in the cytosol and in mitochondria (Vi-
torica et al., 1984), which are a major intracellular source of free
radicals (Boveris and Chance, 1973).

Malonate and 3-nitropropionic acid (3-NP) are inhibitors of
succinate dehydrogenase, which model Huntington’s disease
(Beal et al., 1993a,b). 1-Methyl-4-phenyl-1,2,5,6-tetrahydro-
pyridine (M P TP) has been extensively used to replicate
the dopaminergic neuronal loss occurring in Parkinson’s dis-
ease (Bloem et al., 1990). Its active metabolite 1-methyl-4-
phenylpyridinium (MPP1) selectively inhibits mitochondrial
complex I activity (Tipton and Singer, 1993). These neurotoxins
produce impaired energy metabolism and oxidative stress, which
plays a direct role in neuronal injury. We and others observed an
increased formation of oxygen-derived free radicals when neu-
rons were challenged with malonate, 3-NP, MPTP, or MPP1
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(Hasegawa et al., 1990; Chiueh et al., 1992; Schulz et al., 1995a;
Sriram et al., 1997; Huang and Lee, 1998).

In the present study, we investigated the importance of the
glutathione system in protecting the brain from mitochondrial
toxins. Our hypothesis was that an impairment of GSHPx activ-
ity, which may be compensated when occurring in isolation, may
lead to irreversible cell loss when combined with increased free
radical generation caused by mitochondrial toxins. Specifically,
we sought to determine if GSHPx knock-out mice would be more
sensitive to malonate, 3-NP, or MPTP toxicity than control mice.

MATERIALS AND METHODS
Experimental animals. Our experiments were approved by the local
Animal Care Committee and were conducted in strict accordance with
the National Institutes of Health guidelines for the care and use of
experimental animals. All chemicals were purchased from Sigma (St.
Louis, MO) unless otherwise indicated. Mice (2- to 3-months-old) were
in a B6C3F1 background. The wild-type controls were obtained from
Taconic (Germantown, NY), whereas those deficient in cellular GSHPx
were provided by Dr. Julie Andersen, University of Southern California
(Los Angeles, CA) and bred locally. We bred the GSHPx homozygote
mice with the BGC3F1 mice to produce heterozygote GSHPx knock-out
mice for use as a further control for genetic background effects. The
GSHPx knock-out mice were generated as previously described (Ho et
al., 1997) by insertion of a neomycin resistance gene cassette into the
EcoRI site located in exon 2 of the GSHPx mouse gene. This introduces
a BamHI site into exon 2, which gives a 4.3 kb band on Southern blot
analysis instead of the 11 kb band found in the normal controls. A herpes
thymidine kinase gene cassette was placed at a second EcoRI site in the
39 untranslated region for positive–negative selection with G418/gangcy-
clovir in embryonic stem cells. These mice show an 85% reduction in
cortex GSHPx activity from 0.155 6 0.021 to 0.024 6 0.017, p , 0.001 as
previously described (Lawrence and Burk, 1976).

Intrastriatal microinjections. Control (n 5 10), heterozygote GSHPx
knock-out mice (n 5 10), and homozygous and GSHPx knock-out (n 5
12) mice were anesthetized with methoxyflurane and malonate (1.4 mmol
in 0.7 ml, pH 7.4) that was stereotaxically injected into the left striatum
(anterior, 0.5 mm; lateral, 2 mm from bregma; ventral, 3.5 mm from
dura). The injections were performed over 2 min using a 10 ml 26 gauge
blunt-tipped Hamilton syringe. The needle was left in place for 5 min
before being slowly withdrawn. Seven days after striatal injection animals
were killed, and the brains were rapidly removed, placed in cold saline,
and sectioned coronally at 1 mm intervals. Slices were stained in 2%
2,3,5-triphenyltetrazolium chloride monohydrate solution at room tem-
perature in the dark for 30 min, and post-fixed in phosphate-buffered 4%
paraformaldehyde (PFA) (Bederson et al., 1986). The lesioned area
(noted by pale staining) was measured on the posterior surface of each
section using Neurolucida (Microbrightfield, Colchester, VT) image
analysis software. We previously showed that these measurements ex-
hibit no significant differences from those obtained with Nissl staining
(Schulz et al., 1995a). Lesion volumes (mean 6 SEM) were calculated by
multiplying the lesion area by the slice thickness.

Salicylate assay and 3-nitrotyrosine measurement. The salicylate hy-
droxyl radical trapping method was used for measuring levels of •OH
radicals in striatal tissue after injection of malonate in control (n 5 13),
GSHPx heterozygote knock-out (n 5 13), and homozygous GSHPx
knock-out (n 5 11) mice (Floyd et al., 1984). Salicylate (200 mg/kg, 5
ml/kg, i.p.) was administered 30 min before striatal malonate injection.
Sixty minutes after malonate injection, the animals were killed, and the
left and right striata were rapidly dissected from a 2-mm-thick slice on a
chilled glass plate and immediately frozen at 270°C. To examine the
effects of 3-NP on 3-NT levels, control (n 5 8) and GSHPx knock-out
(n 5 8) mice received six doses of 50 mg/kg intraperitoneally at 12 hr
intervals. Mice were killed 1 hr after the last dose. The striata were
rapidly dissected and placed in chilled 0.1 M perchloric acid. The samples
were thawed in 0.25 ml of chilled 0.1 M perchloric acid, sonicated, and
centrifuged twice. Salicylate and its metabolites 2,3- and 2,5-
dihydroxybenzoic acid (DHBA), tyrosine, and 3-NT were quantified in
the supernatant by HPLC with 16-electrode electrochemical detection
(Beal et al., 1990). Data (mean 6 SEM) were expressed as the ratio of
2,3- and 2,5-DHBA to salicylate and of 3-NT to tyrosine to normalize for
varying brain concentrations of salicylate and tyrosine.

Dopamine measurement. MPTP (15 mg/kg, 5 ml/kg, i.p.) was admin-
istered four times at 2 hr intervals to control (n 5 10) and GSHPx
knock-out (n 5 10) mice. An additional set of animals of each type was
also treated with 0.1 M PBS (5 ml/kg, i.p.) at the times of MPTP
injections. The animals were killed at 1 week, and both striata were
rapidly dissected on a chilled glass plate and frozen at 270°C. The
samples were subsequently thawed in 0.25 ml of chilled 0.1 M perchloric
acid and sonicated. Aliquots were taken for protein quantification using
a fluorometric assay (Beal et al., 1990). Other aliquots were centrifuged,
and dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC), and ho-
movanillic acid (HVA) were measured in supernatants by HPLC and
electrochemical detection. Concentrations of dopamine and metabolites
were expressed as nanograms per milligram of protein (mean 6 SEM).

MPP 1 levels. To determine whether MPTP uptake or metabolism was
altered, MPTP 20 mg/kg was administered intraperitoneally twice, 2 hr
apart, and mice were killed 2 hr after the last dose (n 5 8/group). Striatal
tissue from this experiment was also used for 3-NT determinations.
MPP 1 levels were quantified by HPLC with UV detection at 295 nm.
Samples were sonicated in 0.1 M perchloric acid, and an aliquot of
supernatant was injected onto a Brownlee aquapore X03–224 cation
exchange column (Rainin, Woburn, MA). Samples were eluted isocrati-
cally with 90% 0.1 M acetic acid and 75 mM triethylamine HCl, pH 2.3,
adjusted with formic acid and 10% acetonitrile.

Histolog ical study. 3-NP (50 mg/kg, 5 ml/kg, i.p.) was administered
eight times at 12 hr intervals to control (n 5 8) and GSHPx knock-out
(n 5 9) mice. An additional set of animals of each type was also treated
with 0.1 M PBS (5 ml/kg, i.p.) at the times of 3-NP injections. Twelve
hours after the last injection, the animals were deeply anesthetized with
pentobarbital and perfused with ice-cold 0.9% saline followed by 4%
paraformaldehyde. Brains were post-fixed for 1 hr, rinsed in 0.1 M PBS,
and then cryoprotected in a graded series of 10% and 20% glycerol /2%
DMSO solution. Frozen brains were sectioned at 50 mm using a sledge
microtome and Nissl-stained as previously described (Beal et al., 1989).
Bilateral striatal lesion volumes were computed in serial sections through
the rostrocaudal extent of each brain by videomicroscopic capture of
brain sections and subsequent volume analysis using Neurolucida (Mi-
crobrightfield) image analysis software.

Statistical analysis. Results are expressed as the mean 6 SEM. Statis-
tical comparisons were made using Student’s t test (unpaired) or one-way
ANOVA followed by Fisher’s PLSD post hoc tests.

RESULTS
The lesion volumes after intrastriatal injection of malonate in
wild-type controls and GSHPx knock-out mice are shown in

Figure 1. Malonate induced striatal lesion volumes in wild-type controls,
heterozygote, and homozygote GSHPx knock-out mice. **p , 0.01, as
compared with controls; #p , 0.05, as compared with heterozygote
GSHPx knock-out mice.
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Figure 1. Lesion volumes after malonate injections were signifi-
cantly larger in homozygous GSHPx compared to both heterozy-
gous GSHPx ( p , 0.01) and wild types ( p , 0.001). There was
no significant difference between heterozygous GSHPx knock-
out and wild-type mice. Injection of vehicle resulted in negligible
lesions in both controls and GSHPx knock-out mice (0.24 6 0.04
vs 0.34 6 0.07 mm3). After administration of salicylate, intrastri-
atal injection of malonate resulted in a significant increase in 2,3
DHBA compared to the unlesioned side only in homozygous
GSHPx knock-out mice ( p , 0.001) (Fig. 2). The level of 2,3
DHBA in the lesioned side of homozygous GSHPx knock-out was
significantly higher than in the lesioned side in both heterozygous
GSHPx knock-out and wild types ( p , 0.001). A significant
increase in 2,5 DHBA was seen in the lesioned striata in all
groups, but the increase in homozygous GSHPx knock-out was
significantly larger than the increase in both heterozygous GSHPx
knock-out and the wild-type mice ( p , 0.0001). There was no

significant difference between heterozygous GSHPx knock-out
and wild-type mice.

The effects of administration of MPTP in wild-type control
and GSHPx knock-out mice are seen in Figure 3. We used a
relatively low dose of MPTP, 4 3 15 mg/kg, which produced a
small significant dopamine depletion of 15% in wild-type con-
trols. In contrast, the same dose of MPTP produced a significant
61% depletion of dopamine in GSHPx knock-out mice that was
significantly, p , 0.001, greater than that seen in controls. Deple-
tions of DOPAC and HVA in controls did not reach significance,
but they were highly significant in GSHPx knock-out mice and
were significantly ( p , 0.001) greater than those seen in wild-
type controls. The increased sensitivity to MPTP was not caused
by an alteration in uptake or metabolism of MPTP to MPP1

because striatal MPP1 levels did not significantly differ at 2 hr
after MPTP administration (MPP1 8.4 6 1.3 ng/mg protein in
controls and 9.5 6 1.0 ng/mg protein in GSHPx knock-out mice).

Figure 2. Malonate induced increases in the con-
version of salicylate to 2,3 and 2,5-DHBA in wild-
type controls, heterozygote, and homozygote
GSHPx knock-out mice. *p , 0.001, as compared
with the uninjected striatum; #p , 0.001, as com-
pared with heterozygote GSHPx knock-out and
wild-type controls.

Figure 3. Effects of MPTP adminis-
tered at 15 mg/kg X4 on dopamine,
DOPAC, and HVA in wild-type control
and GSHPx knock-out mice. *p , 0.05,
***p , 0.001, as compared to PBS-
treated animals; ##p , 0.01, ###p ,
0.001, as compared to wild-type treated
with MPTP.
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The effects of MPTP on striatal 3-NT levels are shown in Figure
4. MPTP administration in the GSHPx knock-out mice resulted
in a significant increase in 3-NT levels as compared with wild-
type controls ( p , 0.01). We previously found that saline-injected
controls had 3-NT levels of 1–2 3-NT/1000 tyrosines (Schulz et
al., 1995b), consistent with the findings in Figure 6.

Systemic administration of 3-NP resulted in bilateral striatal
lesions in both wild-type controls and GSHPx knock-out mice
(Fig. 5). The areas of neuronal loss and increased gliosis within
the caudate putamen were significantly (almost fourfold) greater
in the GSHPx knock-out mice (Fig. 5). Striatal lesion volumes
were 3.72 6 0.26 mm3 in controls and 14.12 6 0.92 mm3 in
GSHPx knock-out mice, p , 0.01. The effects of 3-NP on 3-NT
levels are shown in Figure 6. 3-Nitrotyrosine levels increased
after 3-NP administration in both controls and GSHPx knock-out
mice, but the increases were significantly ( p , 0.05) greater in the
GSHPx knock-out mice than those observed in the controls.

DISCUSSION
The glutathione (GSH) system plays a major role in controlling
cellular redox states and is a primary defense mechanism for
H2O2 and peroxide removal in brain. Immunocytochemical stud-
ies showed localization of GSHPx to both brain astrocytes and
neurons (Damier et al., 1993; Olanow, 1993; Trepanier et al.,
1996). In cultured cerebellar astrocytes, cytosolic GSH and
GSHPx were 57 and 245% higher than those found in granule
cells (Huang and Philbert, 1995). Other studies also showed
increased GSH in astrocytes as compared to neurons (Slivka et
al., 1987; Raps et al., 1989). The ratio of mitochondrial to cyto-
solic GSH and mitochondrial GSHPx however is higher in cere-
bellar granule cells than astrocytes, suggesting that the GSHPx
system may be particularly important in neuronal mitochondria.
Depletion of GSH leads to mitochondrial damage and reductions
in mitochondrial enzymes in brain (Jain et al., 1991; Martinez et
al., 1995), and it causes calcium-mediated cell death in PC12 cells
(Jurma et al., 1997). Further evidence implicating GSH in normal
brain function are the observations that glutathione depletion in
vivo results in dystrophic axons in dopaminergic neurons and
enhances the neurotoxicity of ischemia, 6-hydroxydopamine,

MPP1, and MPTP (Pileblad et al., 1989; Mizui et al., 1992;
Andersen et al., 1996; Wullner et al., 1996; Nakamura et al.,
1997).

The fact that mice with a knock-out of GSHPx show no
neuronal degeneration up to 3 months of age is, therefore, some-
what surprising. It is, however, consistent with a previous report
that mice deficient in cellular GSHPx develop normally, are
fertile, and show no increase in lung toxicity to hyperoxia (Ho et
al., 1997). Histological examination at 4 and 15 months of age was
normal in all tissues, including the brain, and protein carbonyls
and lipid peroxidation products were unaltered from controls (Ho
et al., 1997). These observations suggest an alternative means of
removing H2O2 under baseline physiological conditions. Al-
though catalase activity (EC 1.11.16) was reported to be low in
the brain, it is widely distributed throughout the brain (Gaunt and
De Duve, 1976; Brannan et al., 1981). Both catalase and GSHPx
are found in cultured astrocytes (Copin et al., 1992; Huang and
Philbert, 1995; Desagher et al., 1996). H2O2 easily crosses cell
membranes and therefore could leave the cell to damage neigh-
boring cells or be detoxified by them (Halliwell, 1992). It was
recently suggested that catalase was the main hydrogen peroxi-

Figure 4. Effects of MPTP 20 mg/kg X2 on striatal 3-NT levels 2 hr after
MPTP administration in wild-type control and GSHPx knock-out mice.
**p , 0.01, as compared with wild-type controls.

Figure 5. Photomicrographs of 3-NP lesions in Nissl-stained whole-brain
sections through the striatum of wild-type (A) and glutathione peroxidase
knock-out ( B) mice. Bilateral striatal lesions are present in both A and B
and are represented by staining pallor in the lateral aspect (arrows). The
lesions are significantly larger in the glutathione peroxidase knock-out
mouse. Scale bar, 2 mm.
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dase activity in astrocytes and that it protected neighboring
neurons (Desagher et al., 1996). In other studies of cultured
astrocytes, both GSHPx and catalase were shown to be comple-
mentary in detoxification of H2O2 (Dringen and Hamprecht,
1997). Inhibitors of either enzyme only marginally reduced the
rate of disappearance of H2O2 from the incubation media, how-
ever inhibition of both enzymes strongly reduced H2O2 clearance.
It therefore appears that both H2O2 detoxifying systems can
increase H2O2 clearance sufficiently under physiological condi-
tions to prevent toxicity. This is not the case with other free
radical scavengers such as manganese superoxide dismutase, in
which a deficiency leads to premature death with both cardiac and
CNS damage (Li et al., 1995; Lebovitz et al., 1996).

We, however, wondered whether GSHPx may play a more
critical role under conditions in which neuronal metabolism is
stressed by mitochondrial toxins. Both malonate and 3-NP are
succinate dehydrogenase inhibitors that produce striatal lesions
in vivo after either local striatal or systemic administration, re-
spectively. Studies using 13C magnetic resonance spectroscopy
showed that 3-NP preferentially inhibits oxidative metabolism in
GABAergic neurons in vivo, whereas astrocyte metabolism was
spared (Hassel and Sonnewald, 1995). The neurotoxicity of these
compounds is associated with increases in OH• generation as
assessed by the salicylate-trapping method, as well as with in-
creases in 3-NT, a marker of peroxynitrite (Schulz et al., 1995c).
Similarly, MPTP neurotoxicity is associated with increases in
OH• generation and 3-NT (Schulz et al., 1995a). In the present
study we therefore examined whether GSHPx knock-out mice
would show increased susceptibility to these toxins.

The intrastriatal administration of malonate resulted in a sig-
nificant twofold increase in lesion volume in GSHPx knock-out
mice, as compared with both heterozygote GSHPx knock-out and
wild-type control mice. Furthermore, the administration of mal-
onate resulted in increased OH• generation, as assessed using the
salicylate-trapping method in homozygous GSHPx knock-out
mice, as compared with both heterozygote GSHPx knock-out and
wild-type control mice. The heterozygote GSHPx knock-out
mice were produced by crossing the homozygous GSHPx knock-
out mice with the background strain, which should control for any

genetic variation between the GHSPx knock-out mice and the
original background strain. 3-Nitropropionic acid lesions were
also significantly greater in GSHPx knock-out mice. Lastly,
MPTP neurotoxicity, as assessed by levels of dopamine, DOPAC,
and HVA, was markedly exacerbated in the GSHPx knock-out
mice.

GSHPx may therefore play an important role in initially com-
pensating for increased generation of oxidants in these illnesses.
GSHPx can detoxify reactive oxygen species by catalyzing the
conversion of H2O2 to H2O, but it also acts to reduce lysophos-
pholipid hydroperoxides (Marinho et al., 1997; Fisher et al.,
1999). Its role in detoxification of peroxynitrite (Sies et al., 1997)
may be particularly crucial, because we and others found that
inhibitors of neuronal nitric oxide synthase block malonate, 3-NP,
and MPTP neurotoxicity (Schulz et al., 1995a; Hantraye et al.,
1996; Przedborski et al., 1996). In the present study we found that
striatal 3-NT concentrations were significantly increased after
MPTP administration in GSHPx knock-out mice as compared
with controls. We also found that increases in striatal 3-NT after
systemic administration of 3-NP were significantly greater in
GSHPx knock-out mice as compared with controls. This evidence
therefore indicates that GSHPx plays an important role in the
detoxification of peroxynitrite in vivo.

These results therefore indicate that although other free radical
scavenging mechanisms are able to compensate for a loss of
GSHPx under physiological conditions, they are inadequate in
response to a metabolic stress. This has important implications
for the pathogenesis of Huntington’s disease (HD) and Parkin-
son’s disease (PD). In both of these neurodegenerative diseases
there is strong evidence implicating deficient energy production
and increased free radical production (Beal, 1997). In HD there
are increases in cerebral lactate in vivo, as assessed by magnetic
resonance spectroscopy (Jenkins et al., 1993), decreases in mito-
chondrial complex II-III activity in postmortem tissue, and in-
creased oxidative damage to DNA (Gu et al., 1996; Browne et al.,
1997). In PD, several authors found reduced mitochondrial com-
plex I activity in the substantia nigra and in platelets and evidence
of increased oxidative damage (for review, see Beal, 1995). GSH
is significantly depleted in the substantia nigra of PD patients, as
well as in incidental Lewy body disease, which may be a presymp-
tomatic stage of PD (Dexter et al., 1994). GSHPx activity is also
reduced in the substantia nigra of PD patients (Ambani et al.,
1975; Kish et al., 1985).

In PD it is possible that a latent genetic defect in free radical
scavenging enzymes or in mitochondrial electron enzymes may be
compensated under physiological conditions, but may increase
susceptibility to environmental toxins. Environmental factors
could also contribute to some of the variance in age of onset of
HD (Gusella et al., 1997). The present results are therefore
consistent with the possibility that genetic defects may interact
with environmental toxins in the pathogenesis of neurodegenera-
tive diseases.
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