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There is increasing evidence showing dual functions of
antioxidant enzymes in coping with reactive oxygen species
(ROS) versus reactive nitrogen species (RNS). The objective of
this study was to compare the impacts of knockout of Cu,Zn-
superoxide dismutase (SOD1) and Se-dependent glutathione
peroxidase-1 (GPX1) on cell death and related signaling
mediated by acetaminophen (APAP), a RNS inducer in liver.
Two groups of young adult knockout mice (SOD1"' and
GPX17-), along with their wild types (WT), were killed 5 hrs
after an ip injection of saline or APAP (300 mg/kg body wt).
While the WT mice showed more hepatic necrosis and DNA
breakage than the GPX1” mice, the SOD1~~ mice had
essentially no positive response compared with their saline-
injected controls. The APAP treatment actlvated liver c-jun N-
terminal kinase (JNK) in the WT and GPX1~~ mice, but not in the
SOD1~~ mice. The APAP-induced changes in other cell death-
related signal proteins such as p21, caspase-3, and poly(ADP-
ribose) polymerase (PARP) also were obviated in the SOD1~"
mice. in conclusion, knockout of GPX1 did not potentiate APAP-
induced cell death and related signaling, whereas the SOD1 null
blocked APAP-induced hepatic JNK phosphorylation and cell
death. Exp Biol Med 231:1726-1732, 2006
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Introduction

Aerobic metabolism constantly produces reactive oxy-
gen species (ROS) and reactive nitrogen species (RNS; Ref.
1). Excessive production of ROS and RNS causes oxidative
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stress, leading to destruction of macromolecules and cell
death (1). Cu,Zn-superoxide dismutase (SOD1) and Se-
dependent cellular glutathione peroxidase-1 (GPX1) are
considered two primary intracellular antioxidant enzymes in
mammals. By converting superoxide anions into the
substrate of GPX1, hydrogen peroxide, SODI1 actually
functions upstream of GPXI1. Because of this coupled
action, SOD1 and GPX1 have been perceived as performing
similar functions in coping with oxidative stress. Indeed,
both enzymes protect against ROS-related oxidative stress
(2, 3). Knockout of either enzyme renders animals
susceptible to oxidative injuries or cell death mediated by
ROS generators, such as diquat (4-7).

As a widely used analgesic and antipyretic drug,
acetaminophen (APAP) overdose represents the leading
drug poison in the United States today (8). The median dose
of unintentional overdoses is approximately 11.5 g,
compared with 20 g for suicidal patients (8). It has been
shown that high levels of APAP induce RNS (peroxynitrite)
formation and hepatic protein nitration (9-11). However, the
impacts of GPX1 and SOD1 on APAP toxicity have been
intriguing. Following a lethal dose of APAP (425 mg/kg),
mice overexpressing SOD1 had extended survival times,
whereas mice overexpressing human GPX1 had accelerated
death and aggravated hepatotoxicity, compared with wild-
type (WT) mice (12). While administration of SODI1
enzyme or mimic also offered protection against APAP
overdose (13, 14), the GPX1 null mice were partially
protected from APAP-induced plasma alanine aminotrans-
ferase (ALT) activity increases, a hallmark of APAP-
induced liver injury (11). GPX1 and SOD1 seemingly
exerted opposite effects on APAP-mediated toxicity.
Apparently, GPX1 and SOD1 null mice are better models
than the GPX1 and SODI overexpressed mice to study the
physiologic roles of these two enzymes in APAP overdose.
However, such impacts of SOD!1 and GPXI null have not
been compared at the exact same experimental conditions.

Oxidative stress—mediated cell death often involves c-
jun N-terminal kinase (JNK) and p38 mitogen-activated
protein kinase (p38) phosphorylation, mitochodrial dys-
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function and release of cytochrome ¢, and proteolytic
cleavage of caspases (15-19). A number of signaling
pathways, including mitochondria-mediated pathways and
mitogen-activated protein kinases, have been shown to be
involved in APAP-induced mitochondrial dysfunction and
cell death (20-25). In C6 glioma cells, JNK-related cell
death pathway was activated by APAP (20). It also has been
shown that APAP induces the expression of p21 (23),
modification of Bcl-X (26), and the activation of caspase-3
that results in cleavage of poly(ADP-ribose) polymerase
(PARP; Refs. 21, 24, 27). To the best of our knowledge, no
study has been reported to compare the effects of GPX1 and
SOD1 knockout on hepatic cell death signaling caused by
oxidative stress in general or APAP toxicity in particular.
Therefore, we challenged the GPX! knockout mice
(GPX17"), SODI knockout mice (SOD177), and their
WT mice with an ip injection of APAP (300 mg/kg body
wt). Our objective was to compare the impacts of these two
major antioxidant enzymes on APAP-induced hepatic cell
death, DNA breakage, and the related signaling.

Materials and Methods

Chemicals and Antibodies. All chemicals were
purchased from Sigma Chemical Co. (St. Louis, MO) unless
otherwise indicated. JNK2 and p21 were from Santa Cruz
Biotechnology (Santa Cruz, CA); caspase-3 and IkBe were
from Transduction Laboratories (Lexington, KYY); phospho-
JNK (Thr183/Tyr185), phospho-p38, and p38 were from
Cell Signaling (Beverly, MA); Bel-X was from Pharmingen
(San Diego, CA); PARP was from Chemicon (Temecula,
CA); anti-rabbit IgG was from Bio-Rad Laboratories
(Hercules, CA); and anti-mouse IgG was from Pierce
(Rockford, IL). Notably, the JNK2 antibody recognizes both
JNK1 and JNK2. The phospho-JNK antibody recognizes
both phosphorylated JNK1 and JNK2.

Animals and Treatments. Our experiments were
approved by the Institutional Animal Care and Use
Committee at Comell University and were conducted in
accordance with the National Institutes of Health guidelines
for animal care. The GPX17/~, SOD17", and WT mice were
generated from 129SVJ X C57BL/6 mice (5, 6). All mice
were 8-10 weeks old and were fed an Se-adequate (0.4 mg/
kg) diet. All of the genotype mice were injected ip with
phosphate-buffered saline (PBS) or APAP (300 mg/kg body
wt) (n = 6 per genotype by treatment) and were euthanized
at 5 hrs after injection. The APAP dose was close to the
suicidal dose in humans (20 g per 65 kg body wt; Ref. 8).

Liver Injury Assay and Immunohistochemis-
try. Blood and tissue samples were collected immediately
after mice were anesthetized with carbon dioxide and killed
by heart puncture. The plasma was used for determination of
ALT activity using the Sigma ALT 10 kit. For histologic
analysis, liver samples were formalin fixed, paraffin
embedded, and sectioned as described previously (15).
Replicate sections were stained with hematoxylin and eosin.
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Hepatic DNA strand breaks were detected using an
ApopTag plus kit (Intergen, Norcross, GA). Briefly,
residues of digoxigenin nucleotides were added to DNA
ends by terminal deoxynucleotidyl transferase (TUNEL)
assay, and then marked nucleotides were visualized using a
peroxidase-labeled antidigoxigenin antibody.

Biochemical Analyses. Total GPX activity was
measured by the coupled assay of NADPH oxidation using
hydrogen peroxide as substrate (28). The enzyme activity is
expressed as nanomoles of glutathione oxidized per minute
per milligram of protein. Total SOD activity was measured
using a water-soluble formazan dye kit (Dojindo Molecular
Technologies, Gaithersburg, MD).

Western Blot Analyses. Liver samples were ho-
mogenized (Polytron PT3100; Brinkmann Instruments,
Littau, Switzerland) in either buffer I (50 mM Hepes, pH
7.4; 100 mM NaCl; 1% Triton X-100; 5 mM EDTA: | mM
sodium pyrophosphate; 1 mM sodium orthovanadate; 1 mM
NaF; 1 mM phenylmethylsulfonyl fluoride; 10 pg/ml
leupeptin; 10 pg/ml aprotinin; 1 pM microcystin) for
Western blot analyses of phospho-p38 and phospho-JINK,
or in buffer Il (50 mM potassium phosphate buffer, pH 7.8;
0.1% Triton X-100; 1.34 mM diethylenetriaminepentaacetic
acid; 1 mM phenylmethylsulfonyl fluoride; 10 pg/ml
peptstain A; 10 pg/ml leupeptin; 10 pg/ml aprotinin) for
Western blot analyses of other proteins. The homogenates
were centrifuged at 14,000 g for 20 mins at 4°C. Protein
concentration in buffer I was measured with a BCA protein
assay kit (Pierce Chemical Co., Rockford, IL). Protein
concentration in buffer II was measured by Lowry method
(29). The supemnatant (20 or 50 pg protein per lane) was
loaded for Western blot analyses, and the bands were
detected with SuperSignal West Pico Kit (Pierce Chemical
Co.) according to the manufacturer’s instructions. After
detection of a specific protein, the same blot was stripped
and reprobed against vinculin antibody (Sigma) to normal-
ize loading.

Statistical Analysis. Data were analyzed using the
general linear model procedure in SAS (release 6.11; SAS
Institute, Cary, NC) as a one-way analysis of variance.
Significance was defined as P < 0.05.

Results

Liver GPX1 and Total SOD Activity. Compared
with WT, GPX17" mice had only 0.34% of GPX1 activity
in liver, and SOD1™" mice had only 0.9% of total SOD
activity (Table 1). Hepatic GPX1 activity was reduced by
46% (P < 0.05) in the SOD1™ mice compared with WT
mice. The APAP treatment led to a 62% (P < 0.05) loss of
GPX1 activity in WT mice but no significant decrease in
SOD1™" mice. The APAP treatment also caused a 44% P
< 0.05) reduction in total SOD activity in GPX1™~ mice
but not in WT mice.

Knockout of SOD1 or GPX1 on APAP-Induced
Liver Injury. The APAP treatment caused plasma ALT
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Table 1. Effect of Genotypes and Acetaminophen (APAP) Treatment on Activities of Plasma Alanine
Aminotransferase (ALT) and Hepatic Glutathione Peroxidase-1 (GPX1) and Total Superoxide Dismutase (SOD)?
Wild type GPX1~/~ SOD1~"~
PBS APAP PBS APAP PBS APAP
Plasma ALT activity (U/) 14+3 1964 * 775° 16+ 4 1045 + 383° 167 63 + 135¢
Liver GPX1 activity (U/mg protein) 1057 =22 400 + 51° 4 +1° 2+1¢ 572 = 170° 453 * 34
Liver SOD activity (U/mg protein) 1427 = 58 1346 = 108 1314 = 125 741 = 63%°¢ 13+ 3° 13 = 2°

4 Mice were treated with phosphate-buffered saline (PBS) or APAP (300 mg/kg) for 5 hrs. Values are mean * SE (n=6).
5 APAP treatment effect (P < 0.05) compared with PBS treatment within genotypes.
¢ Genotype effect (P < 0.05) compared with wild type within the same treatment.

activity increases (P < 0.05) in all genotypes. However, the
increase was highest in WT mice and lowest in SOD17~
mice (P < 0.05; Table 1). Both WT and GPX1™~ mice
showed more severe hepatocyte necrosis than SOD17~
mice (Fig. 1). The livers of PBS-treated controls of all three
genotypes were histologically normal (Fig. 1A, C, and E).
Typical signs of necrosis and hemorrhages were shown in
central lobular areas of the APAP-treated WT and GPX17~
mice, including cloudy swelling and fatty/vacuolar degen-
eration of the surviving cells on the border and/or within the
lesion (Fig. 1B and D). Hepatocytes in the APAP-treated
SOD1™" mice were largely unaffected (Fig. 1F). DNA

Figure 1. Effect of knockout of glutathione peroxidase-1 (GPX1) and
Cu,Zn-superoxide dismutase (SOD1) on acetaminophen (APAP)-
induced hepatic lesions, Liver samples were collected from wild-type
(A and B), GPX1~~ (C and D), or SOD1~~ (E and F) mice 5 hrs after
the mice were treated with phosphate-buffered saline (A, C, and E) or
APAP (300 mg/kg; B, D, and F). The samples were formalin fixed,
paraffin embedded, sectioned, and stained with hematoxylin and
eosin. The morphologic characteristic was visualized under light
microscopy (original magnification: X100). The image Is representa-
tive of five sets of data.

strand breaks were readily seen in TUNEL-stained hep-
atocytes (brown color) in WT and GPX1™~ mice (Fig. 2B
and D), but hardly in the SOD1™~ mice (Fig. 2F). The livers
of PBS-treated controls of all three genotypes were virtually
no staining (Fig. 2A, C, and E). APAP treatment produced
strong staining in both the cytoplasm and nucleus of
hepatocytes of WT mice, and staining was particularly
intense around the central veins (Fig. 2B). In contrast, there
was less intense staining in GPX 1™/~ mice (Fig. 2D).
Knockout of GPX1 or SOD1 on APAP-MedIlated
Signaling. There were no significant baseline differences
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Figure 2. Effect of knockout of glutathione peroxidase-1 (GPX1) and
Cu,Zn-superoxide dismutase (SOD1) on acetaminophen (APAP)-
induced hepatic DNA strand breaks. Liver samples were collected
from wild-type (A and B), GPX1~~ (C and D), or SOD1~"~ (E and F)
mice 5 hrs after the mice were treated with phosphate-buffered saline
(A, C, and E) or APAP (300 mg/kg; B, D, and F), and they were
fomalin fixed, paraffin embedded, and sectioned. Hepatic DNA
strand breaks were assessed using an ApopTag plus kit. The brown
color shows a positive response (original magnification: X100). The
image Is representative of five sets of data. Arrow points to celis with
brown staining (original magnification: x400).
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in nine signal proteins among the WT, GPX1™", and
SODI1™" mice treated with PBS (Figs. 3 and 4). APAP
treatment did not activate liver p38 MAPK, but it activated
liver JNK (p46-JNK1 and p54-JNK2) at Thr183 and Tyr185
in WT and GPX 1™~ mice (P < 0.05; Fig. 3). However, the
APAP-induced phosphorylation of hepatic JNK was not
seen in SOD1™~ mice (Fig. 3). APAP treatment caused the
cleavage of caspase-3 from a 32-kDa proform to a 24-kDa
active form in WT and GPX 17/~ mice (P < 0.05), but not in
the SOD17"~ mice (Fig. 4). Intact PARP, a nuclear enzyme
involved in DNA repair and stability, was seen in PBS-
treated mice. The APAP treatment resulted in a greater
upregulated expression of PARP and a stronger cleavage of
the 85-kDa band in WT and GPX 1™~ mice than in SOD17"~
mice (P < 0.05). Compared with their respective PBS-
treated controls, hepatic IkBe, Bcl-X;, and p21 proteins
were reduced (P < 0.05) in APAP-treated WT and/or
GPX17~ mice (P < 0.05). In contrast, there was no such
change of these proteins in APAP-treated SOD17~ mice
(Fig. 4).

Discussion

One of the most important findings from this study is
that APAP-induced hepatic cell death was not potentiated
by GPX1 null but was nearly completely blocked by SOD|
null. As in most studies (11, 30, 31), we have demonstrated
liver necrosis and DNA strand breaks in APAP-treated WT
mice. The lack of aggravated cell death and attenuated DNA
damage after the APAP treatment in GPX1™~ mice
compared with WT mice was consistent with plasma ALT
activity changes observed by us and others (11). Previous
studies have shown that overexpression of GPX1 sensitized
mice to APAP-induced lethality (12), and knockout of
GPX1 protected against peroxynitrite-induced apoptosis in
primary hepatocytes (32) and kainic acid (RNS inducer)-
induced seizers and lethality in mice (33). These results
suggest a potential promoting role of GPX1 in RNS-related
oxidative stress, and they do not support the previously
proposed function of GPX1 as a peroxynitrite reductase
(34).

The nearly completely blocked hepatic cell death and
DNA breakage in APAP-treated SOD1~~ mice was in stark
contrast to the observed protection conferred by SODI
overexpression (12), enzyme (13), or mimic (14) against
APAP overdose. Likewise, this suggests that the physio-
logic expression of SOD1 activity, unlike the pharmacologic
levels of SOD1, does not protect against—if not promote—
APAP-induced toxicity. It is interesting to note that SOD1
catalyzed peroxynitrite-mediated protein nitration in vitro
(35), and overexpression of SODI promoted kainic acid-
induced neuron apoptosis (36). Although the physiologic
role of SOD1 in APAP-mediated protein nitration is still
under active investigation in our laboratory, the present
study clearly shows a stronger impact of SOD! nuil than
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Figure 3. Westem blot analysis of knockout of glutathione perox-
idase-1 (GPX1) and Cu,Zn-superoxide dismutase (SOD1) on
acetaminophen (APAP)-induced responses of liver c-jun N-terminat
kinase (JNK), phospho-JNK, mitogen-activated protein kinase p38
(p38), and phospho-p38. Liver samples were collected from wild-
type, GPX17~, or SOD1™~ mice 5 hrs after the mice were treated
with phosphate-buffered saline or APAP (300 mg/kg), homogenized,
and separated as described in the text. The upper panel shows
representative blots of three independent analyses, and the lower
panel shows bar graphs of the relative density of the phosphorylated
JNK protein (n= 3) in the APAP-treated mice. *P < 0.05 versus WT.

GPX1 null on drug-induced hepatic cell death and DNA
strand breakage.

The impacts of SOD1 and GPX1 knockouts on cell
survival and death-related signaling help explain the
genotype differences in APAP-mediated cell death and
DNA strand breakage. Similar to the results reported by Bae
et al. (20), we have shown that hepatic JNK but not p38
MAPK was activated by APAP treatment at 5 hrs in WT
mice. While GPX1™" mice shared a similar extent of
necrosis to that of WT after APAP injection, the two groups
had similar levels of JNK phosphorylation. In contrast,
SOD17~ mice were largely protected from the APAP-
induced cell death and DNA breakage, and they displayed
no phosphorylation of JNK. Activated JNK inactivates Bcl-
Xu, a member of bcl-2 family that blocks cell apoptosis
(37). As p38 MAPK is not as efficient as JNK to
phosphorylate bcl-2 (37), APAP-induced activation of
JNK may be sufficient to initiate the cascade of hepatocyte
apoptosis. Overexpression of Bcl-X has been shown to
reduce APAP-induced apoptosis by blocking the release of
cytochrome ¢ from mitochondria, an event that induces the
activation of caspase-3 (38). Besides the SODI null, the
GPX1 null also seemed to prevent the downregulation or
inactivation of Bcl-Xy induced by APAP. This effect might
contribute to the partial protection against APAP-induced
DNA breakage in GPX1™~ mice. However, it remains
unclear to us how the GPX1 null exerted its impact on Bcl-
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Figure 4. Western biot analysis of knockout of glutathione perox-
idase-1 (GPX1) and Cu,Zn-superoxide dismutase (SOD1) on
acetaminophen (APAP)-induced responses of liver caspase-3,
poly(ADP-ribose) polymerase (PARP), IkBe, Bcl-X(, and p21 protein
levels. Liver samples were collected from wild-type, GPX1™~, or
SOD1™~ mice 5 hrs after the mice were treated with phosphate-
buffered saline (PBS) or APAP (300 mg/kg), homogenized, and
separated as described in the text. Each panel shows representative
blots of three independent analyses, and values undemeath each
band indicate the relative density (n = 3) compared with the PBS-
treated WT. *P < 0.05 versus PBS-treated WT.

Xy, whereas in SOD1™~ mice the action mode was likely
via the block of JNK phosphorylation.

As previously reported (21), APAP induced activation
of caspase-3 by proteolytic cleavage of pro-caspase-3 into
p24-caspase-3, which initiated DNA fragmentation (15).
Activated caspase-3 cleaved intact PARP to 85-kDa and 24-
kDa fragments that no longer have normal enzymatic
functions to repair damaged DNA or to maintain DNA
stability (27). Consistently, the cleavage of PARP fragment
was evident in WT and GPX1™~ mice in which caspase-3
was also activated. In contrast, there was little PARP cleave
in the less caspase-3-activated SOD1™~ mice. Unlike the
unanimous results on caspase-3 activation, the APAP-
mediated responses of p21, a cyclin-dependent kinase
inhibitor and an inhibitor of apoptosis, seem to be
ambiguous. Chiu et al. (23) reported that APAP induced
expression of p21, whereas others showed no alteration of
p21 expression by APAP treatment (39). In the present
study, we have found a repressed expression of p21 by
APAP treatment in WT and GPX 1™~ mice but not SOD17~
mice. As p21 interacts with pro-caspase-3 and inhibits its
conversion to the mature form (40), the repression of p21 in
WT and GPX1™"~ mice promoted the activation of caspase-3
in the two genotypes. We have shown that IkBe, one
isoform of IxB, was degraded in WT and GPX1™ mice,
but not in the SOD1™", by APAP treatment. The
degradation of IxBe may contribute partially to the release
of the inhibition on nuclear factor kB (NF-xB), which is
deactivated by binding to IkB (41). NF-kB is known to be a
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Figure 5. Schematic illustration of knockout of glutathione perox-
idase-1 (GPX1) and Cu,Zn-superoxide dismutase (SOD1) on
acetaminophen (APAP)-induced DNA breakage, cell death, and

related signaling. JNK, c-jun N-terminal kinase; PARP, poly(ADP-
ribose) polymerase.

major transcription factor regulating inducible nitric oxide
synthase (iNOS) expression, leading to the production of
nitric oxide. Indeed, APAP has been shown to induce the
increased production of nitric oxide (9). Overall, the block
of JNK phosphorylation and downregulation of p21 in
APAP-treated SOD1™" mice led to the inhibition of
caspase-3 activation and PARP cleavage (Fig. 5). As these
two events and DNA strand breaks are well-known
characteristics of apoptotic cell death (27), and our
histological data show typical signs of necrosis and
hemorrhages in the central lobular of APAP-treated WT
mice, it seems that the protection by SOD1 knockout against
APAP-mediated hepatic cell death is involved in both
apoptosis and necrosis. Again, the GPX1 null showed much
less effect on these processes compared with the SOD1 null,

In summary, the present study indicates that knockout
of SOD1 protected against APAP-induced hepatic cell death
and related signaling, whereas knockout of GPX1 did not
potentiate but offered partial protection against the insult,
Apparently, physiologic expression of SOD1 or GPX1 was
not critical or beneficial for the body to defend against this
type of oxidative stress involved in RNS production, It is
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also clear that the two major antioxidant enzymes did not
exert the same impact on the drug-induced oxidative stress.
Although SODI1 and GPX1 are considered major intra-
cellular antioxidant enzymes, increasing evidence has
suggested dual functions of these enzymes under different
types of oxidative stress (11, 12, 32, 33, 36). Elucidating the
mechanism for those potential pro-oxidant roles of GPX1
and SODI1 will enable us to understand the full array of
functions of antioxidant enzymes in metabolism and help in
developing new approaches for the therapy of diseases
caused by drug toxicity or oxidative stress.
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