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Knockout of copper, zinc-superoxide dismutase (SOD1) and (or) cellular glutathione peroxidase (GPX1)
has been reported to have dual impacts on coping with free radical-induced oxidative injury. Because
bacterial endotoxin lipopolysaccharide (LPS) triggers inflammatory responses involving the release of
cytokines, nitric oxide and superoxide in targeted organs such as liver, in this study we used SOD1 knock-
out (SOD1—/-), GPX1 knockout (GPX1—/-), GPX1 and SOD1 double-knockout (DKO) and their wild-type
(WT) mice to investigate the role of these two antioxidant enzymes in LPS-induced oxidative injury in
liver. Mice of the four genotypes (2 month old) were killed at 0, 3, 6 or 12 h after an i.p. injection of saline
or 5 mg LPS/kg body weight. The LPS injection caused similar increase in plasma alanine aminotransfer-
ase among the four genotypes. Hepatic total glutathione (GSH) was decreased (P < 0.05) compared with
the initial values by the LPS injection at all time points in the WT mice, but only at 6 and 12 h in the other
three genotypes. The GSH level in the DKO mice was higher (P < 0.05) than in the WT at 6 h. Although the
LPS injection resulted in substantial increases in plasma NO in a time-dependent manner in all genotypes,
the NO level in the DKO mice was lower (P<0.05) at 3, 6 and 12 h than in the WT. The level in the
GPX1—/- and SOD1-/— mice was also lower (P < 0.05) than in the WT at 3 h. The LPS-mediated hepatic
protein nitration was detected in the WT and GPX1—/— mice at 3, 6 or 12 h, but not in the SOD1—/—. In
conclusion, knockout of SOD1 and (or) GPX1 did not potentiate the LPS-induced liver injury, but delayed
the induced hepatic GSH depletion and plasma NO production.

© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

The Se-dependent glutathione peroxidase-1 (GPX1) and Cu, Zn-
superoxide dismutase (SOD1) are two major antioxidant enzymes
in mammals. SOD1 converts superoxide anion to hydrogen perox-
ide, which is in turn degraded to water with the catalysis of GPX1.
These two enzymes are both known to protect against oxidative
stress, such as reactive oxygen species (ROS) associated with acute
paraquat and diquat toxicity, as well as ischemia reperfusion injury
[1,2]. However, GPX1 and SOD1 may have different functions in
coping with reactive nitrogen species such as peroxynitrite. Our

Abbreviations: LPS, lipopolysaccharide; SOD1, copper, zinc-superoxide dismu-
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GPX1; WT, wild-type; NO, nitric oxide; GSH, glutathione; ROS, reactive oxygen
species.
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laboratory has found that knockout of GPX1 had opposite impacts
on diquat- and peroxynitrite-induced cell death in mouse primary
hepatocytes [3]. Knockout of SOD1 was shown to attenuate acet-
aminophen-induced hepatotoxicity and hepatic protein nitration
[4,5].

LPS, the glycolipid from the outer membrane of gram-negative
bacteria, elicits inflammatory responses involving the release of
various proinflammatory cytokines and contributes to systemic
changes known as septic shock [6-8]. LPS is primarily cleared in
the liver, and endotoxemia is frequently found in patients with
liver failure [6]. It has been established that LPS induces the pro-
duction of nitric oxide (NO), and subsequently the formation of
peroxynitrite and protein nitration in various animals and cells
[9-12]. Besides, LPS also induces the production of ROS in organs
such as lung and liver [13,14]. ROS include oxygen free radicals
such as superoxide anion, and non-radical but highly reactive mol-
ecules like hydrogen peroxide. Excessive generation of ROS results
in the loss of balance between antioxidant system and prooxidants,
and leads to the occurrence of oxidative injury in targeted organs.

Despite the free-radical generating nature of LPS and the alter-
ation of GPX1 and SOD1 activities by LPS [15,16], the effect of
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knockout of GPX1 and (or) SOD1 on LPS-induced oxidative injury
remains largely unknown. Previous reports were more focused
on a pharmacological effect of natural additives [17,18]. In the
present study, we used SOD1 knockout (SOD1—/-), GPX1 knockout
(GPX1—/-), SOD1 and GPX1 double-knockout (DKO), and their
wild-type (WT) mice to investigate the impact of knockout of these
two enzymes on the LPS-induced hepatic oxidative injury in mice.

2. Materials and methods
2.1. Experimental mice

Our experiments were approved by the Institutional Animal
Care and Use Committee at Cornell University and conducted in
accordance with the NIH guidelines for animal care. Wild type,
GPX1—/-[19], and SOD1—/- [1] mice with the same genetic back-
ground (129/SV] x C57BL/6), were initially provided by Dr. Y.S. Ho,
Wayne State University (Detroit, MI) and were bred in our facility.
Mice lacking both GPX1 and SOD1 (DKO) were generated in our
laboratory by crossing the individual knockouts. Genotypes were
confirmed by PCR and enzyme activity assays. Mice were fed a diet
containing adequate levels of all required nutrients, given free
access to feed and distilled water, and housed in shoebox cages
in a constant (22 °C) animal room with a 12 h light:dark cycle.

2.2. LPS treatment and sample collection

LPS was prepared in phosphate-buffered saline (PBS). Four
genotypes of mice (8-10 weeks old) were injected (i.p.) with LPS
at 5 mg/kg body weight following an overnight (8 h) fast. The mice
were euthanized for blood and liver sample collection at 3, 6 or
12 h post the injection. PBS injected mice were killed immediately
after injection and were served as the control. All samples were
frozen in liquid nitrogen and stored at —80 °C before proceeding
for analyzes.

2.3. Biochemical analyzes

All chemicals were purchased from Sigma Chemical Co. (St.
Louis, MO) unless otherwise indicated. Plasma ALT activity was
determined spectrophotometrically following the method outlined
by Sigma. Total glutathione concentration was determined by the
glutathione recycling assay and was expressed as nmol/mg protein
[20]. Cellular GPX1 activity was measured using the coupled assay
of reduced NADPH oxidation using H,0, as a substrate [20]. The
enzyme activity was expressed as nmol of glutathione oxidized
per minute per mg of protein. Total SOD activity was determined
using a water-soluble formazan dye kit (Dojindo Molecular
Technologies Inc., Gaithersburg, MD). Plasma nitrate and nitrite
was determined as previously described to monitor LPS-induced
NO production [5,21].

2.4. Western blot

Liver samples were homogenized in 50 mM potassium phos-
phate buffer, pH 7.8, containing 0.1% Triton X-100, 1.34 mM dieth-
ylenetriaminepentaacetic acid, 1 mM PMSF, 10 pg peptstain A/ml,
10 pug leupeptin/ml, and 10 pg aprotinin/ml. The homogenates
were centrifuged at 14,000 g for 20 min at 4 °C. Protein concentra-
tion was determined as described by Lowry et al. [22]. The super-
natant (100 pg protein per lane) was loaded onto SDS-PAGE (12%
gel), transferred to nitrocellulose membrane, which was blocked
with 5% milk for 1 h at room temperature. The membrane was
incubated overnight at 4°C with mouse anti-nitrotyrosine
antibody (Upstate Biotechnology, Lake Placid, NY), followed by a

secondary HRP-conjugated anti-mouse antibody (Pierce, Rockford,
IL) for 1h at room temperature. Blots were developed using
enhanced chemiluminescence reagent (Pierce, Rockford, IL).

2.5. Statistical analysis

Data were analyzed using the GLM procedure in SAS (release
6.11, SAS Institute, Cary, NC) as a one-way ANOVA with time
repeated measurements. Statistical significance was defined as
P<0.05.

3. Results
3.1. Effect of LPS on hepatic GPX1 and SOD activity

As expected, little hepatic GPX1 activity was detected in the
GPX1—/- and DKO mice, and little total SOD activity was detected
in the SOD1—/— and DKO mice. LPS treatment did not result in
significant changes of GPX1 activity in the WT mice, although a
slight decrease was found at 6 h. Baseline hepatic GPX1 activity
was around 35% lower (P < 0.05) in the SOD1—/— mice compared
with the WT. LPS administration led to the reduction of GPX1
activity by 16.5% (P < 0.05) at 12 h compared with the initial activ-
ity at O h in the liver of SOD1—/— mice (Table 1). Total SOD activity
in the WT mice was 11.5% (P < 0.05) lower at 6 h than the initial
activity (0 h). No significant decrease was detected at 9 and 12 h
in the WT. Over the course of treatment, LPS administration did
not lead to significant changes of total SOD activity in the
GPX1—/— mice (Table 1).

3.2. LPS resulted in similar liver injury in all genotypes

Plasma alanine aminotransferase (ALT) activity was elevated
(P<0.05) in all genotypes after LPS administration (Fig. 1). The fold
of increase was 1.8, 2.5 and 2.6 times (P < 0.05), respectively, at 3, 6
and 9 h in the WT mice. The fold of increase in GPX1—/— mice was
1.7,2.9 (P < 0.05) and 2.0 times, respectively. In the SOD1—/— mice,
LPS exposure led to plasma ALT increase by 2.3, 3.3 and 3.8 times
(P<0.05), respectively, at 3, 6 and 9 h, while the LPS-induced
increase of ALT activity in the DKO was 1.9, 2.7 and 2.1 times
(P<0.05), respectively. No significant difference of plasma ALT
activities was detected between genotypes within the same time
point (Fig. 1).

3.3. LPS caused reduction of hepatic glutathione (GSH) in all genotypes

LPS treatment led to decrease (P < 0.05) of hepatic total GSH in
all genotypes (Fig. 2). In the WT mice, total GSH level was
decreased by 27.1%, 46.7% and 53.1% (P < 0.05), respectively, at 3,
6 and 9 h post LPS treatment. Total GSH level was reduced by
15.7%, 35.7% (P < 0.05) and 44.3% (P < 0.05) in the GPX1—/— mice,
15.9%, 41.5% (P < 0.05) and 43.0% (P < 0.05) in the SOD1—/— mice,
and 16.8%, 25.7% and 49.4% (P <0.05) in the DKO mice, respec-
tively, at 3, 6 and 9 h. Total GSH level at 6 h was higher (P < 0.05)
in the DKO mice than in the WT. No significant difference of initial
GSH levels was detected between genotypes (Fig. 2).

3.4. Effect of GPX1 and (or) SOD1 knockout on LPS-induced NO
production

Plasma nitrite/nitrate was measured as an indicator of NO
production. LPS treatment induced substantial increase in NO pro-
duction in the WT mice, and the fold of increase was 5.5, 11.1 and
19.3 times (P < 0.05), respectively, at 3, 6 and 9 h (Fig. 3). LPS also
induced significant increase of NO level in other three genotypes.
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Table 1
Effect of LPS on hepatic GPX1 and total SOD activity in different genotypes®.
Time post-injection 0Oh 3h 6h 12h
Cellular glutathione peroxidase (GPX1)
nmol of glutathione oxidized per min per mg of protein
WT 752120 705 +£28 736 £19 751 +£10
GPX1—/— 7.4+0.8" 85+0.5" 8.1+0.2" 8.9+0.5"
SOD1—/— 486 +31° 483 + 417 452 £177 406 +4.2""
DKO 7.6+0.5" 8.1+0.5" 9.4+05" 8.5+0.5"
Total superoxide dismutase (SOD)
50% formazan dye formation rate inhibition per mg of protein
WT 1405+ 10 1243+ 12" 1361173 134175
GPX1-/— 1280+ 42 1249 +36 1261+7.6 1306 + 46
SOD1—/— 13+0.8" 16+3.17 14+3.3" 16+1.1°
DKO 7.5+0.8" 13 £2.47 9.6+1.2° 9.3+0.4"
Values are means + SE (n = 3-4).
2 Mice were treated with 5 mg LPS/kg body weight for 0, 3, 6 or 12 h.
" P<0.05 vs. 0 h within genotypes.
T P<0.05 vs. WT within the same time.
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Fig. 1. Effect of GPX1 or SOD1 knockout on the LPS-induced changes in plasma ALT
activities. Values are means + SE (n =5-8). *P < 0.05 vs. 0 h within genotypes.
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Fig. 2. Effect of GPX1 or SOD1 knockout on the LPS-induced changes in hepatic GSH
concentrations. Values are means + SE (n = 3-4). *P < 0.05 vs. 0 h within genotypes;
#P < 0.05 vs. WT within the same time.

The NO level was increased by 2.3, 9.5 and 17.8 times (P < 0.05) in
the GPX1—/— mice, by 3.2, 13.0 and 18.7 times (P < 0.05) in the
SOD1-/— mice, and by 3.2, 4.6 and 9.6 times (P<0.05) in the
DKO mice, respectively, at 3, 6 and 9 h post LPS treatment. Com-
pared with the WT mice, the NO level at 3 h was significantly lower
(P<0.05) in the GPX1—/— and SOD1—/— mice. LPS administration
resulted in lower (P < 0.05) NO production in the DKO mice than in
the WT at all three time points 3, 6 and 9 h (Fig. 3).

WT

GPX1+4- SOD1+- DKO

Fig. 3. Effect of GPX1 or SOD1 knockout on the LPS-induced plasma nitric oxide
production. Values are means = SE (n=5-8). *P<0.05 vs. 0 h within genotypes;
#P < 0.05 vs. WT within the same time.
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Fig. 4. A representative blot (n=3) shows the effect of knockout of GPX1 and/or
SOD1 on the LPS-induced protein nitration at 6 h.

3.5. Effect of GPX1 and (or) SOD1 knockout on LPS-induced protein
nitration

Protein nitration was assessed 6 h post LPS treatment. LPS
induced the formation of protein nitrotyrosine in the liver of WT
and GPX1—/— mice, but not in the SOD1-/— (Fig. 4). No back-
ground hepatic protein nitration was detected in the WT, GPX1—/
— and SOD1-/— genotypes treated with PBS. However, there was
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a nitration band detected in the liver of PBS-treated DKO mice. The
LPS treatment did not cause apparent additional hepatic protein
nitration in the DKO mice (Fig. 4).

4. Discussion

There are a number of reports on role of free radicals in liver oxi-
dative injury during endotoxemia. A few antioxidants including
vitamin C and melatonin have been demonstrated to protect ani-
mals from LPS intoxication [23-26]. Unexpectedly, in the present
study knockout of SOD1 and (or) GPX1 did not potentiate LPS-in-
duced liver injury. Although being generally considered as antioxi-
dant enzymes, SOD1 and GPX1 have been shown to have multiple
functions in succession. Besides superoxide dismutase activity,
SOD1 also possesses peroxidase activity, which cause generation
of free radicals such as hydroxyl radical [27,28]. SOD1 has also been
shown to catalyze the formation of protein nitrotyrosine from per-
oxynitrite [5,29]. Consequently, deleterious roles of SOD1 have been
reported in some studies [30,31]. Constitutive overexpression of
SOD1 promoted kainic acid-induced apoptosis of neurons, which
was probably associated with free radical generating activity of this
enzyme [32]. Knockout of SOD1 increased the resistance to APAP-
induced hepatotoxicity, and the inhibition of SOD1-mediated pro-
tein nitration was suggested part of the protective mechanisms
[4,5]. Compared with SOD1, there are fewer reports regarding the
adverse role of GPX1. However, mice overexpressing GPX1 showed
a decreased resistance to APAP hepatotoxicity [33]. On the other
hand, knockout of GPX1 resulted in higher resistance to kainic
acid-induced mortality and epileptic seizure in mouse brain [34].
These studies indicate that the previously reported protection from
antioxidant molecules is more likely a pharmacological effect on
LPS-induced liver injury. The physiological function of SOD1 and
GPX1 seems more complicated and intoxication context dependent.

Numerous studies have been shown the activity regulation of
antioxidant enzymes during endotoxemia. Despite the reported
conflicted outcomes [16,35], more evidence has been in support
of the notion of down-regulated GPX1 and SOD activity after LPS
administration [17,36,37]. Indeed, LPS led to decrease of SOD and
GPX1 activities, particularly at 6 h. As reported earlier [1,38], mice
deficient in SOD1 exhibited lower baseline GPX1 activity. Knockout
of SOD1 resulted in a delayed but larger decrease in GPX1 activity
during endotoxemia compared with the wild-type. The presence of
SOD1 in the wild-type mice likely helps the relief of oxidative
stress from LPS administration, and sequentially protects GPX1
from the loss of enzymatic activity. Knockout of SOD1 might
further increase the vulnerability of GPX1 to oxidative modifica-
tion, as evidenced by the larger GPX1 activity reduction in the
SOD1-/- mice. Interestingly, no such change of SOD activity was
detected in the GPX1—/— mice, indicating differential impact of
knockout of GPX1 on in vivo oxidative defense.

As a major intracellular antioxidant against varieties of intoxi-
cations, balance of GSH level is critical to maintain redox control
of cellular biological functions, including the thiol moieties of pro-
teins and the reduced form of biologically active molecules [39].
During endotoxemia, liver serves as the main source of plasma
GSH and exhibited enhanced sinusoidal glutathione efflux
[36,40]. The present study confirms the findings of previous
reports which showed that LPS led to down-regulation of hepatic
GSH [40,41]. It has been suggested the increased NO synthesis
led to a decrease of hepatic GSH levels during endotoxemia,
primarily through the inhibition of y-glutamylcysteine ligase
activity and expression [36,41]. Indeed, GSH levels in the WT mice
exhibited a significant decrease at 3 h when higher NO was
produced at this time point compared with the other three geno-
types. Along with the less NO generation at 6 h, GSH level in the

DKO mice was apparently higher at this time point. However, the
NO level at 12 h might have surpassed the threshold in the DKO
mice, leading to a substantial drop in GSH concentration. Our find-
ings provided further evidence in support of the counteraction of
NO and GSH during endotoxemia.

Compared with the WT, the DKO mice exhibited lower NO
production during LPS intoxication. Although the underlying
mechanism remains to be explored, the induced liver injury was
similar between these two genotypes. Indeed, Sakaguchi et al.
[42] suggested NO was not crucial for liver injury during
endotoxemia. They reported administration of nitric oxide inhibi-
tors did not affect lipid peroxide formation in liver caused by LPS
challenge. Similarly, the formation of protein nitration was also
not in line with the LPS-induced liver injury. Protein nitration,
resulted from the reaction between peroxynitrite and protein
tyrosine residues, is considered an event which alters or damages
normal protein function. The absence of hepatic protein nitration
in the SOD1—/— mice was consistent with our previous finding
where SOD1 catalyzes the formation of protein nitration in murine
liver [5]. Although we were unable to demonstrate how the
nitration band appeared in control DKO mice, it is likely that dou-
ble-knockout of SOD1 and GPX1 leads this specific protein to a
higher susceptibility of spontaneous tyrosine modification.

In conclusion, knockout of SOD1 and (or) GPX1 did not potenti-
ate the LPS-induced liver injury, but delayed the induced hepatic
GSH depletion and plasma NO production. The generation of NO
and protein nitration was not critical to LPS-induced liver injury.
This study also provided alternative view of functions of antioxi-
dant enzymes during endotoxemia.
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