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To assess the role of brain antioxidant capacity in the patho-
genesis of neonatal hypoxic-ischemic brain injury, we measured
the activity of glutathione peroxidase (GPX) in both human-
superoxide dismutase-1 (hSOD1) and human-GPX1 overex-
pressing transgenic (Tg) mice after neonatal hypoxia-ischemia
(HI). We have previously shown that mice that overexpress the
hSOD1 gene are more injured than their wild-type (WT) litter-
mates after HI, and that H2O2 accumulates in HI hSOD1-Tg
hippocampus. We hypothesized that lower GPX activity is re-
sponsible for the accumulation of H2O2. Therefore, increasing
the activity of this enzyme through gene manipulation should be
protective. We show that brains of hGPX1-Tg mice, in contrast
to those of hSOD-Tg, have less injury after HI than WT litter-
mates: hGPX1-Tg, median injury score � 8 (range, 0–24) versus
WT, median injury score � 17 (range, 2–24), p � 0.01. GPX
activity in hSOD1-Tg mice, 2 h and 24 h after HI, showed a
delayed and bilateral decline in the cortex 24 h after HI (36.0 �
1.2 U/mg in naive hSOD1-Tg versus 29.1 � 1.7 U/mg in HI
cortex and 29.2 � 2.0 for hypoxic cortex, p � 0.006). On the
other hand, GPX activity in hGPX1-Tg after HI showed a

significant increase by 24 h in the cortex ipsilateral to the injury
(48.5 � 5.2 U/mg, compared with 37.2 � 1.5 U/mg in naive
hGPX1-Tg cortex, p � 0.008). These findings support the hy-
pothesis that the immature brain has limited GPX activity and is
more susceptible to oxidative damage and may explain the
paradoxical effect seen in ischemic neonatal brain when SOD1 is
overexpressed. (Pediatr Res 56: 656–662, 2004)

Abbreviations
CCA, common carotid artery
GPX, glutathione peroxidase
GSH, glutathione
HI, hypoxia-ischemia
P, postnatal day
red-ox, oxidation-reduction reaction
ROS, reactive oxygen species
SOD1, copper-zinc superoxide dismutase
Tg, transgenic
WT, wild-type

The developing brain faces unique challenges from oxida-
tive stress, and has responses to injury and protective mecha-
nisms that are different from the mature nervous system. The
developmental profile of the activity of the endogenous anti-
oxidant enzymes SOD1 and selenium-dependent GPX have
been described for both rats (1–3) and mice (4). In the mouse
brain, GPX activity is almost exclusively due to the classic,
cellular glutathione peroxidase GPX1 (EC 1.11.1.9) (5). In the
CD1 mouse, the outbred background strain used in this study,
SOD1 activity decreases around the time of birth, and then
remains unchanged to weaning. GPX activity, on the other
hand, rises steeply around birth but declines sharply in the first

few days of life and then remains low through weaning. Protein
levels for both enzymes, however, show a steady increase
during early development (4). We have shown that, in the CD1
mouse brain, adult levels of GPX activity are reached by
weaning (6). Therefore, maturational differences may impact
the response of the newborn brain to injury. It has been shown
that the adult and juvenile brain attempts to compensate during
oxidative stress in response to stroke (7) and traumatic brain
injury (8) by either maintaining or increasing levels of the
antioxidant enzymes SOD1 and GPX1. Increased SOD1
should protect the brain from increased production of super-
oxide that is a consequence of oxidative stress. Indeed, some
models of adult stroke using rodents that overexpress hSOD1
have shown significant protection (9). However, in the same
strain of hSOD1-Tg mice, we found worsened brain injury
during the neonatal period (10). We hypothesized that down-
stream antioxidant enzymes were not sufficiently up-regulated
in the neonatal brain, resulting in H2O2 accumulation and
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subsequent injury from generation of other reactive oxygen
species like hydroxyl ions from the Fenton reaction. Indeed, we
found that H2O2 accumulates and GPX activity declines in
injured hSOD1 hippocampus after HI, whereas catalase activ-
ity remains unchanged (11,12). These findings suggest that the
important enzyme for detoxification of H2O2 is GPX and not
catalase. The accumulated H2O2 is toxic to immature neurons
more so than mature neurons, and this toxicity can be reversed
by addition of iron chelators and free radical scavengers
(11,13).

Because it appeared that GPX, and not catalase, might be the
critical downstream enzyme rescuing cells from H2O2 toxicity,
and that GPX1 gene overexpression can be neuroprotective to
adult animals after focal ischemia (14,15), we investigated
whether an increase in GPX activity by overexpression of the
hGPX1 transgene in rodent brain would result in protection
during the neonatal period after HI. In the present study, we
report that there is protection from HI injury in the hGPX1-Tg
brains and show that increased cortical GPX activity is asso-
ciated with this protection.

METHODS

Animals. All experiments were approved by the Institutional
Animal Care and Use Committee at the University of Califor-
nia San Francisco and carried out with the highest standards of
care and housing, according to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

hSOD1 transgenic pups. Heterozygote transgenic mice car-
rying the human cytosolic SOD1 gene were bred with wild-
type CD1 mice to produce pups that were both transgenic (Tg)
and nontransgenic (WT) for hSOD1 (16,17). The heterozy-
gotes expressed 3-fold higher SOD activity (18,19). Pups were
identified at P6 by sampling tail blood using qualitative non-
denaturing gel electrophoresis followed by nitroblue tetrazo-
lium staining for the human SOD1 protein as previously
described (17,19).

hGPX1 transgenic pups. Heterozygote transgenic mice car-
rying the human GPX1 gene (20) were bred with wild-type
CD1 mice to produce mixed litters of GPX1 overexpressing
transgenic pups and WT littermates. Genotype was identified
on P6 using tail clippings. PCR was performed with “platinum
supermix” (Invitrogen, Carlsbad, CA), premixed Taq polymer-
ase/dNTPs/MgCl2, primer sequence TCA AAG TTC CAG
GCA ACA TCG TT [5'-3'] (Invitrogen), and 1 �L DNA. The
PCR products were separated on a 2% agarose gel containing
ethidium bromide for UV visualization.

Hypoxic-ischemic injury. P7 mice were exposed to HI as
previously described (10,21). Briefly, pups were anesthetized
with 2.5% halothane, 30% nitrous oxide, and the right common
carotid artery (CCA) was exposed and ligated by electrical
coagulation. After a recovery period with the dam (1.5 h), the
mice were placed in separate but interconnected chambers (two
pups per chamber) partially submerged in a 37°C water bath,
through which flowed a humidified gas mixture containing 8%
oxygen/balance nitrogen for 45 min. Temperature was moni-
tored by a skin surface thermometer probe during the proce-
dure to maintain body surface temperature at 34°C. The sex of

each animal was recorded and pups were weighed daily until
sacrifice.

Histology. For examination of the degree of injury after HI,
animals were anesthetized with pentobarbital at either 24 h or
5 d after HI and euthanized. Brains were removed after perfu-
sion fixation with 4% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4. Fifty-micron sections were cut on a vibrating
microtome, and sections were stained with cresyl violet stain
for injury scoring. Scoring analysis was performed on uniform
brain sections at 5 d after insult with grading done on three
regions of the cortex (anterior, mid, posterior), one region of
the mid-caudate/striatum, four regions of the hippocampus
(CA1, CA2, CA3, DG), and one region of the mid-thalamus.
Analysis was performed in a blinded fashion. Regions were
scored as follows: grade 0 � no evidence of injury; grade 1 �
rare scattered pyknotic cells; grade 2 � single or small con-
fluent areas of necrosis or apoptosis; grade 3 � large, multiple
areas of necrosis or apoptosis, including involvement of entire
thalamic nuclei, � 50% of the striatal or hippocampal area, or
areas of cystic infarction in the cortex. Grades from each of the
three cortical regions and from the four hippocampal regions
were summated to give a cumulative grade for the entire brain.
A median injury score �10 and �20 was considered moderate
injury, whereas a score of 20 or greater was considered severe
(16). WT (n � 14), hSOD1-Tg ( n � 4), and hGPX1-Tg ( n �
5) heterozygotes were used for histologic analysis at 24 h to
show the extent of injury at this early stage in the progression
of injury (Fig. 1). We have previously shown in detail the
injury in the hSOD-Tg at 5 d after injury, hence the data are not
repeated (10,22). Injury scores for the hGPX1-Tg versus WT
are shown in Figure 2.

GPX enzymatic assay. Tissue for GPX assay was obtained
at 2 h or 24 h after HI, and at P7 and P8 for naive pups to
correspond to the correct developmental age at sacrifice. Brains
were removed by rapid decapitation onto a cold surface and
dissected into right and left cortices and flash frozen. Tissue
was stored at �70°C until assay. Tissue was homogenized with
a Polytron in cold 0.1 M potassium phosphate, pH 7.4, and
centrifuged for 10 min at 14,000 rpm. Selenium-dependent
GPX activity was determined in a coupled test system in which
reduced glutathione and tert-butyl hydroperoxide were used as
substrate, and oxidized glutathione produced by GPX activity
was measured by kinetically monitoring glutathione reductase-
mediated NADPH oxidation at 340 nm. Activity was expressed
as units per milligram of protein, where 1 unit (U) is defined as
1 nmol NADPH oxidized per minute (23,24). Protein content
was determined with the Pierce BCA protein assay (Pierce,
Rockford, IL.).

Statistical analysis. Analyses were performed with Statview
4.51 (Abacus Concepts, Berkeley, CA). Ordinal data (injury
score) was analyzed by Mann-Whitney test. Comparisons
among groups were made by one-way ANOVA followed by
Bonferroni-Dunn posthoc testing for multiple comparisons for
continuous data. A p value of �0.05 was considered statisti-
cally significant. Data are presented as mean � SD, or as
percent of naive.
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RESULTS

Histopathology. Evaluation of brain injury induced by HI
revealed that cortex, hippocampus, and striatum in the hemi-
sphere ipsilateral to the CCA ligation were injured, whereas the
contralateral hemisphere revealed no light microscopic dam-
age, as previously described (10) (Fig. 1). The severity of
injury varied between and within regions, with the hippocam-
pus being the most affected region in all animals regardless of
genotype. Twenty-four hours after HI, both cell death and
edema were apparent in affected regions (Fig. 1, A, C, and E).
At 5 d after injury, edema subsided and cell death evolved as
visualized by Nissl staining (cresyl violet) (Fig. 1, B, D, and F).
The histopathological injury in WT littermates of the hSOD-Tg
and hGPX1-Tg animals was similar, as expected (Fig. 1, A and
B; median injury score of 17 overall for the brain depicted in
Fig. 1B). Previously, we showed that hSOD-Tg brains exhib-
ited greater histopathological injury compared with WT at 5 d
after HI (injury score � 20) (9). We confirmed that injury was
also severe at 24 h after HI (Fig. 1C). In contrast, hGPX1-Tg

brains were significantly protected (Fig. 1, E and F), with less
injury compared with WT at 5 d after insult (Fig. 2):
hGPX1-Tg median injury score � 8 (range, 0–24), WT me-
dian injury score � 19 (range, 2–24) (p � 0.01 by Mann-
Whitney). There were no differences in degree of injury due to
sex (male versus female, p � 0.43). There were also no
differences in weight between WT and hGPX1-Tg (at P7, p �
0.13; at P12, p � 0.37).

GPX activity in WT after HI. Baseline GPX activity was
similar in WT brains from all litters. There were no differences
between enzyme activities at P7 (31.1 � 0.9 U/mg in cortex)
and P8 (31.9 � 2.0 U/mg) for the WT naive brains (p � 0.74),
hence data were combined into “WT naive” (Fig. 3A). There
were no differences in enzyme activities in WT cortices 2 h or
24 h after HI compared with naïve (p � 0.62 and p � 0.09,
respectively). Neither the hypoxic cortex (contralateral to ca-
rotid ligation) nor the hypoxic-ischemic cortex (ipsilateral to
carotid ligation) showed significant change in activity over the
first 24 h.

Figure 1. Photomicrographs of injury after HI in brain sections stained with cresyl violet. Representative injury 24 h (A, C, E) and 5 d after HI (B, D, F). (A,
B) CD1 wild-type (WT). In (B), injury score � 17. (C, D) Human superoxide dismutase 1-transgenic (hSOD1-Tg). In (D), injury score � 20. (E, F) Human
glutathione peroxidase-transgenic (hGPX1-Tg). In (F), injury score � 8. Arrows indicate small foci of injury. Scale bar � 500 �m.
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GPX activity in hSOD-Tg after HI. Baseline GPX activity
in hSOD-Tg was significantly higher than in naive WT cortex
(36.0 � 1.2 U/mg protein for SOD, p � 0.004). However, after
HI, GPX activity in both the hypoxic-ischemic and hypoxic
hSOD-Tg cortices declined significantly by 24 h (HI cortex:
29.1 � 1.7 U/mg, hypoxic cortex: 29.2 � 1.22 U/mg, p �
0.006) (Fig. 3B) even though the contralateral hemisphere
remained undamaged.

GPX activity in hGPX1-Tg pups after HI. The baseline
GPX enzyme activity in hGPX1-Tg naive cortex was higher
than in WT cortex (37.2 � 1.5 U/mg protein, p � 0.01). After
HI, the activity increased 30% over naive hGPX1-Tg brain in
the hypoxic-ischemic cortex (48.5 � 5.16 U/mg protein, p �
0.008) but not in hypoxic cortex (39.6 � 2.09 U/mg protein, p
� 0.56) (Fig. 3C). This differential response correlated with
improved histopathological outcome in these brains (Fig. 1,
Fig. 2). However, the difference between hypoxic and hypoxic-
ischemic hemispheres at 2 h and 24 h is not significant (p �
0.167 and 0.349, respectively).

GPX activity and injury state among groups. Both
hSOD-Tg and hGPX1-Tg naive brains have a small but sig-
nificantly higher baseline GPX activity than the naive WT at
P7 (WT versus hGPX1-Tg, p � 0.011; WT versus hSOD-Tg,
p � 0.002). However, after HI, there was a significant increase
in GPX activity in HI hGPX1-Tg cortex compared with HI WT
(p � 0.02), whereas GPX activity declined over time in injured
hSOD-Tg cortex (p � 0.002) (Fig. 4). There was not a signif-
icant difference between hSOD-Tg and WT at 24 h (p � 0.14).

DISCUSSION

The current study demonstrates that increased cortical GPX
activity from gene overexpression is protective after a moder-
ate HI insult. This protection may be due to a sustained
increase in GPX activity during the period of oxidative stress.

Figure 2. Box plot of injury scores in hGPX1-Tg (n � 7) and WT (n � 14)
littermates 5 d after HI. The horizontal line represents the median score. p �
0.01 by Mann-Whitney.

Figure 3. GPX activity in WT, hSOD-Tg and hGPX1-Tg animals. Data are
shown as a percentage of the value for uninjured animals. (A) WT littermates
of hSOD-Tg and hGPX1-Tg. Values are combined, as there was no difference
between the two groups of WT (n � 26 for naive; n � 15 for both 2 h after
HI and 24 h after HI). (B) hSOD-Tg. There was a significant decrease 24 h after
HI in both hemispheres, *p � 0.006, (n � 16 for naive; n � 5 for 2 h after HI;
n � 7 for 24 h after HI). (C) hGPX1-Tg. There was a significant increase in
the ipsilateral cortex 24 h after HI, *p � 0.008, (n � 13 for naïve; n � 7 for
both 2 h after HI and 24 h after HI). GPX activities between hypoxic-ischemic
and hypoxic cortex at both 2 h and 24 h are not significant. All by ANOVA and
Bonferroni-Dunn posthoc.
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An increase in GPX activity might be expected after an isch-
emic insult as a compensatory mechanism in response to
accumulation of H2O2, and this has been shown to be the case
in adult models of stroke (7) and traumatic brain injury (6,8).
However, in the neonatal brain subjected to HI, no compensa-
tory change in GPX activity occurs in wild-type outbred CD-1
mouse brain. These data are similar to those reported for
traumatic brain injury in immature brain (5). The increase in
GPX activity in the injured cortex of hGPX1-Tg at 24 h was
associated with protection, whereas the decrease in GPX ac-
tivity in the hSOD-Tg at 24 h was associated with increased
damage. The decrease in GPX activity bilaterally in hSOD-Tg
brain suggests that oxidative stress occurs throughout the brain,
even in regions that are not overtly damaged by the HI insult.
In fact, our preliminary data show that reduced GSH content in
naive hSOD-Tg cortex is significantly lower compared with
naïve nonTg P7 cortex (0.98 � 0.06 nmol/mg versus 1.27 �
0.04 nmol/mg, p � 0.001). GSH levels remained low in the
hypoxic-ischemic hSOD-Tg cortex in response to injury,
whereas the contralateral hypoxic cortex maintained signifi-
cantly higher levels (unpublished observation), suggesting that
if GSH concentration is maintained, it may protect cells from
apoptotic or necrotic cell death.

Our findings also show that although basal levels of GPX
activity were similar in both hGPX1 and hSOD1 overexpres-
sors, and were significantly higher than in WT brains, GPX
activity after HI remained preserved only in hGPX1 and not in
hSOD1 overexpressors. This decline in activity was also asso-
ciated with consumption of GSH. Furthermore, a unilateral
increase in GPX activity in the HI hemisphere, but not in the
hypoxic hemisphere, indicates that substantial oxidative stress
is needed to trigger a compensatory increase of GPX activity.
We have previously shown that catalase activity does not
change after HI in either wild-type or hSOD-Tg brains, so it is

unlikely to be a major contributor to antioxidative capacity
(12).

In the mature brain, studies with other strains of GPX1
overexpressing transgenic mice have found protection in dif-
ferent models of oxidative stress, such as adult focal cerebral
ischemia/reperfusion (14,15,25,26) and transient hypoxia in
hippocampal slices (27). This is the first study to report that
GPX1 overexpression protects the neonatal brain after HI.
Under HI conditions, an insufficient compensatory increase of
GPX activity and, hence, detoxification of H2O2, may become
a rate-limiting step, as we have previously reported in
hSOD1-Tg mice (10). Our current results show that only
conditions associated with increased GPX activity result in
protection of the neonatal brain. Consistent with this idea,
several studies have shown increased brain vulnerability to
oxidative stress when either the GPX1 gene is knocked out or
GSH is depleted. A direct involvement of GPX1 in protecting
neurons from accumulation of reactive oxygen species (ROS)
that occurs in both the cytosol and mitochondria has been
shown by administration of the mitochondrial toxins, malonate
and 3-nitropropionic acid or MPTP (1-methyl-4-phenyl-
1,2,5,6-tetrahydropyridine), which act either through inhibition
of the respiratory chain in mitochondria or by the formation of
ROS (28). Mature mice deficient in GPX1 have increased
injury after administration of these agents (28), and adult mice
with decreased GPX1 activity from GPX1 gene knockout have
shown increased injury after ischemia-reperfusion (26,29).
When GPX1 knock-outs are crossed with hSOD1 overexpres-
sors, the resulting hSOD-Tg�/�/GPX1�/� adult hybrids
show no protection after ischemia-reperfusion (30), suggesting
that the benefit incurred by dismutation of superoxide in the
mature brain is eliminated when H2O2 cannot be detoxified by
GPX1. This hybrid cross mimics that which occurs develop-
mentally in the newborn brain.

In neonatal rats, whereas pharmacological depletion of GSH,
a substrate for GPX1, damages mitochondria and leads to
mortality, systemic administration of a GSH precursor, gluta-
thione monoethyl, reverses the injurious effect of GSH deple-
tion (31). Low GSH levels lead to accumulation of intraparen-
chymal ROS, changes in cellular red-ox cell potential (32) and
initiation of stress-activated signal transduction pathways (33–
36). Studies in cultured neurons support in vivo data and show
that diminished intracellular GSH concentrations affect the
equilibrium between cytosolic and mitochondrial GSH and
induce direct mitochondrial damage and neuronal death
(37,38).

Recent studies show that GPX1 can also preserve GSH
homeostasis by detoxifying peroxynitrite (ONOO-) (28,39)
which, along with superoxide, inactivates glutathione reductase
(40), an enzyme that is solely responsible for GSH resynthesis
from its oxidized form. GPX1 overexpression has also been
shown to attenuate activation of glial and microglial cells,
protect endothelium, and diminish both apoptotic and necrotic
neuronal death (15) after ischemia-reperfusion. It is not clear
from these published data, however, whether these effects are
the sole consequence of the preserved antioxidative homeosta-
sis or whether other mechanisms contribute as well.

Figure 4. GPX activity in WT, hSOD-Tg, and hGPX1-Tg cortex as a function
of time. GPX activity is measured in the cortex of naive brain, and at 2 h and
24 h after HI. Naive, hSOD-Tg pups have significantly higher GPX activity
than WT, *p � 0.002, as do hGPX1-Tg, *p � 0.011. 24 h after HI, hGPX1-Tg
cortex has significantly higher activity than WT, †p � 0.02, and it is also
higher than hSOD-Tg, §p � 0.002. Although there is a trend to difference
between WT and hSOD-Tg at 24 h, it is not significant (p � 0.14). ANOVA
with Bonferroni-Dunn posthoc for multiple comparisons.
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A variety of antioxidants have shown mixed results depend-
ing on age of animal, time of administration, and drug class.
Studies of exogenously applied SOD1 in adult models of
trauma and stroke have shown mixed protection depending on
model and form of SOD1 used (41). SOD mimetics (42) have
shown a reduction in infarct volume when given to neonatal
rats before HI (43) and when given to adult gerbils after
ischemia-reperfusion (44). The GPX mimic ebselen is protec-
tive in adult rats (45, 46) but is toxic in some circumstances
(47). Antioxidants tested in the developing brain include allo-
purinol, mannitol, methionine, and deferoxamine. Allopurinol,
a xanthine oxidase inhibitor, is protective after HI in piglets
(48) and rats (49,50). Deferoxamine, an iron chelator, affords
protection after HI in mice (22) and rats (51), presumably
through a reduction in low molecular weight iron, and hence a
decrease in the conversion of H2O2 to ȮH through the Fenton
reaction. Deferoxamine is protective against excitotoxic
(NMDA) and oxidative (H2O2) damage in primary cultures of
hippocampal neurons (13).

The developing brain responds differently to ischemic stress,
therefore, a detailed understanding of the maturational changes
in oxidative biology is necessary to develop appropriate strat-
egies for prevention of HI injury (52,53). The present study, in
the context of previous results from our and other laboratories,
suggests that the relationships between H2O2 accumulation and
the imbalance between the antioxidant enzymes SOD1 and
GPX1 are involved in the capacity of the neonatal brain to
protect itself after HI.
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