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Abstract
Acetaminophen (APAP) overdose is a classical model of hepatocellular necrosis; however, the
involvement of the Fas receptor in the pathophysiology remains controversial. Fas receptor-
deficient (lpr) and C57BL/6 mice were treated with APAP to compare the mechanisms of
hepatotoxicity. Lpr mice were partially protected against APAP hepatotoxicity as indicated by
reduced plasma ALT and GDH levels and liver necrosis. Hepatic Cyp2e1 protein, adduct
formation and hepatic glutathione (GSH) depletion were similar, demonstrating equivalent
reactive metabolite generation. There was no difference in cytokine formation or hepatic
neutrophil recruitment. Interestingly, hepatic GSH recovered faster in lpr mice than in wild type
animals resulting in enhanced detoxification of reactive oxygen species. Driving the increased
GSH levels, mRNA induction and protein expression of glutamate-cysteine ligase (gclc) were
higher in lpr mice. Inducible nitric oxide synthase (iNOS) mRNA and protein levels at 6h were
significantly lower in lpr mice, which correlated with reduced nitrotyrosine staining. Heat shock
protein 70 (Hsp70) mRNA levels were substantially higher in lpr mice after APAP. Conclusion:
Our data suggest that the faster recovery of hepatic GSH levels during oxidant stress and
peroxynitrite formation, reduced iNOS expression and enhanced induction of Hsp70 attenuated
the susceptibility to APAP-induced cell death in lpr mice.
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1. INTRODUCTION
Acetaminophen (APAP) overdose is a major clinical problem in the US and Europe, often
resulting in severe liver injury and potentially acute liver failure (Lee, 2004; Larson et al.,
2005). Many studies have described the mechanisms of injury which are initiated by the
metabolism of APAP to the reactive metabolite N-acetyl-p-benzoquinone imine (NAPQI)
resulting in glutathione (GSH) depletion and adduction of cellular proteins (Cohen et al.,
1997). In particular, it is thought that the binding of NAPQI to mitochondrial proteins results
in mitochondrial dysfunction (Nelson, 1990), which propagates injury through a
mitochondrial oxidant stress and peroxynitrite formation (Cover et al., 2005) resulting
ultimately in the opening of the mitochondrial membrane permeability transition (MPT)
pore with collapse of the membrane potential and ATP depletion (Kon et al., 2004;
Masubuchi et al., 2005; Ramachandran et al., 2011). Early mitochondrial bax translocation
and the later MPT lead to permeabilization of the outer membrane with release of the
intermembrane proteins endonuclease G and apoptosis-inducing factor (AIF), which
translocate to the nucleus and initiate DNA fragmentation (Bajt et al., 2006, 2008, 2011).
Together, these events lead to hepatocyte necrosis (Gujral et al., 2002) and the release of
damage associated molecular patterns (DAMPs), which trigger a sterile inflammatory
response (Jaeschke et al., 2012b).

Although APAP-induced cell death has some overlap with features of apoptosis, such as
mitochondrial bax translocation, cytochrome c release, and DNA fragmentation, the
overwhelming evidence suggests a necrotic cell death. Most importantly, morphological
characteristics include cell swelling, karyorrhexis and vacuolation (Gujral et al., 2002). In
addition, there is no relevant caspase activation (Lawson et al., 1999; Adams et al., 2001, El-
Hassan et al., 2003), and pancaspase inhibitors neither protect against cell death nor prevent
DNA fragmentation (Lawson et al., 1999; Cover et al., 2005; Jaeschke et al., 2006; Williams
et al., 2010b, 2011b). However, in the past decade several studies have associated the Fas
receptor, which can trigger apoptosis, with APAP hepatotoxicity. First, it has been shown
that serum levels of soluble Fas receptor are increased in patients with APAP-induced liver
failure (Tagami et al., 2003). An experimental study used a small-interfering-RNA (siRNA)
construct to target Fas and showed that knocking it down resulted in reduced APAP-induced
injury (Zhang et al., 2000). Another study demonstrated that protection against APAP
induced injury could be observed in lpr (Fas receptor-deficient) mice (Liu et al., 2004).
However, it was unclear in these reports why preventing Fas receptor signaling could reduce
APAP hepatotoxicity. The Fas receptor is expressed on many cell types, including
hepatocytes, but the highest expression of Fas can be seen on immature lymphocytes
(Nisihara et al., 2001); this is part of an essential mechanism to eliminate self-reactive
lymphocytes and is the cause of the autoimmune phenotype observed in lpr mice. This
phenotype includes high lymphocyte counts, greatly enlarged lymph nodes and spleen,
circulating rheumatoid factor, and an overall autoimmune phenotype (Hutcheson et al.,
2008). Interestingly, lpr mice were protected against bile duct ligation-induced liver injury
due to the reduced inflammatory response in the absence of apoptosis (Gujral et al., 2004).
This suggested that lpr mice can show reduced liver injury independent of Fas receptor-
induced apoptosis. Thus, the objective of this investigation was to evaluate the mechanisms
of protection against APAP hepatotoxicity in Fas receptor-deficient lpr mice by comparing
APAP-induced toxicity between C57BL/6 and lpr mice in vivo.

2. MATERIALS AND METHODS
2.1 Animals

Eight to twelve week old male C57BL/6J and age-matched B6.MRL-Faslpr/J (lpr) mice were
purchased from Jackson Labs (Bar Harbor, ME) with an average weight of 19 to 24 g and
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maintained at the University of Kansas Medical Center. All animals were housed in
environmentally controlled rooms with 12 h light/dark cycle and allowed free access to food
and water. Experiments followed the criteria of the National Research Council for the care
and use of laboratory animals in research and were approved by the University of Kansas
Medical Center Institutional Animal Care and Use Committee.

2.2 Experimental design
All chemicals were purchased from Sigma Chemical Co. (St. Louis, MO) unless otherwise
stated. Mice were intraperitoneally (i.p.) injected with 300 mg/kg APAP (dissolved in warm
saline) or with an equivalent volume of saline after overnight fasting (~15 h). Animals were
terminated at 0 h (n=4 per strain), 0.5 h (n=4 per strain), 6 h (n=7 per strain) or 24 h (n=7 per
strain) after APAP. Blood was drawn into heparinized syringes for measurement of plasma
alanine aminotransferase (ALT) activity (Pointe Scientific, Canton, MI) and glutamate
dehydrogenase (GDH) activity as described (McGill et al., 2012). The liver was removed
and was rinsed in cold saline; liver sections were fixed in 10% phosphate buffered formalin
for histological analyses. The remaining liver lobes were snap-frozen in liquid nitrogen and
stored at −80 °C.

2.3 Histology
Formalin-fixed tissue samples were embedded in paraffin and 5 μm sections were cut.
Sections were stained with hematoxylin and eosin (H&E) for blinded evaluation of the areas
of necrosis by the pathologist. The percent of necrosis was estimated by evaluating the
number of microscopic fields with necrosis compared to the total cross sectional area.
Additional sections were stained for neutrophils using the anti-mouse neutrophil allotypic
marker antibody (AbD Serotec, Raleigh, NC) as previously described (Williams et al.,
2010a). Positively stained neutrophils consistent with cellular morphology were quantified
in 15 high power fields (HPF). Sections were also stained using an anti-nitrotyrosine
antibody (Invitrogen, Carlsbad, CA) as previously described (Knight et al., 2002).

2.4 Glutathione quantification
Glutathione (GSH) and glutathione disulfide (GSSG) were measured from liver homogenate
using the modified Tietze method as previously described in detail (Jaeschke and Mitchell,
1990). Briefly, frozen tissue was homogenized in sulfosalicylic acid/EDTA. For total GSH
determination samples were assayed using dithionitrobenzoic acid. Similarly, measurement
of GSSG was performed using the same method after trapping and removal of GSH with N-
ethylmaleimide.

2.5 APAP-protein adducts
Liver APAP protein adducts were measured based on a method developed by Muldrew et al.
(2002) with minor modifications (Ni et al., 2012) and normalized to total protein
(MicroBCA kit, Thermo Scientific, Rockford, IL).

2.6 Western Blotting
Liver tissue was homogenized in 25 mM HEPES buffer (containing 5 mM EDTA, 2 mM
DTT and 0.1% CHAPS) and diluted to uniform protein concentration. Tissue homogenate
was used for β-actin (Santa Cruz Biotech, Santa Cruz, CA), cyp2e1 (Abcam, Cambridge,
MA), iNOS (BD, Franklin Lakes, NJ) and gclc (GeneTex, Irvine, CA) western blotting as
described in detail (Bajt et al., 2000).
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2.7 Real-time PCR for mRNA quantification
mRNA expression of several genes was performed by real-time PCR (RT-PCR) analysis as
previously described (Gujral et al., 2004). cDNA was generated by reverse transcription of
total RNA by M-MLV reverse transcriptase with random primers (Invitrogen, Carlsbad,
CA). Forward and reverse primers for the genes were designed using Primer Express
software (Applied Biosystems, Foster City, CA) and listed in supplemental table 1. After
normalization of cDNA concentration, SYBR green PCR Master Mix (Applied Biosystems)
was used for analysis. The relative differences in expression between groups were expressed
us ing cycle time (Ct) values generated by the ABI 7900 instrument (Applied Biosystems).
All genes evaluated were first normalized to GAPDH and then expressed as a fold increase
relative to control (arbitrarily set as 1.0). Calculations are made by assuming one cycle is
equivalent to a two-fold difference in copy number which is the 2^(-ddCt) formula.

2.8 Statistics
All results were expressed as mean ± SE. Comparisons between multiple groups were
performed with one-way ANOVA or, where appropriate, by two-way ANOVA, followed by
a post hoc Bonferroni test. If the data were not normally distributed, the Kruskal-Wallis test
(nonparametric ANOVA) followed by Dunn’s Multiple Comparisons Test was used. P <
0.05 was considered significant. All statistics were evaluated using SigmaStat (Systat
Software, San Jose, CA).

3. RESULTS
3.1 Liver injury in C57BL/6 and lpr mice

To assess the differences in liver injury, lpr and wildtype C57BL/6 mice were treated with
300 mg/kg APAP for 6 or 24 h. APAP caused severe liver injury in wildtype animals as
indicated by the massive increase in plasma ALT activities and the development of severe
centrilobular necrosis (Fig. 1A,B,D; Supplemental Figure 1). To evaluate the degree of
mitochondrial injury, the mitochondrial-specific enzyme glutamate dehydrogenase (GDH)
was measured in plasma. GDH activities also increased substantially at 6 and especially at
24 h after APAP administration (Fig. 1C). All parameters indicated that APAP overdose
caused significantly less injury in lpr mice at both time points (Fig. 1A-D), however the
difference in injury appeared to be most pronounced at 6 h.

3.2 Inflammation and neutrophil recruitment during APAP overdose
It was hypothesized that altered inflammatory response and neutrophil recruitment into the
liver potentiates APAP induced injury in lpr mice (Liu et al. 2004). To further evaluate this
hypothesis, hepatic cytokine and chemokine induction (Table 1) and hepatic neutrophil
recruitment were quantified in lpr and C57BL/6 mice (Fig. 1E,F). Some variation in
cytokine and chemokine induction was observed between genotypes with C57BL/6 mice
having higher IL-6 and IL-10 induction at 6h while CXCL1 induction was higher in lpr mice
at 6 and 24 h. Despite these differences, the overall pattern of cytokine and chemokine
induction was similar between genotypes. To determine if these slight differences altered
neutrophil recruitment, immunohistochemistry was performed (Fig. 1E,F). When quantified,
the distribution and total number of hepatic neutrophils was equivalent between genotypes
despite a reduced injury in lpr mice.

3.3 Metabolism of APAP in C57BL/6 and lpr mice
To determine if the protection seen in lpr mice was due to inhibition of reactive metabolite
formation, we measured the time course of GSH depletion and recovery and APAP-protein
adducts. Fasted control lpr mice had 26% more GSH than fasted control C57BL/6 mice (Fig.
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2A). Thirty minutes after APAP injection liver GSH levels were depleted >80% in both
genotypes (Fig. 2A). In addition, APAP-protein adducts were similar at 6 h and at 24 h (Fig.
2D). Furthermore, western blot analysis of cyp2e1, the dominant Cyp responsible for
metabolism of APAP, showed no significant difference between wild type and lpr mice (Fig.
2E). Together, these data show that the metabolic activation of APAP is similar in both
genotypes. Interestingly, during the recovery phase of the hepatic GSH levels, i.e. after
APAP was metabolized, the liver GSH content recovered faster in lpr mice compared to the
wildtype animals (Fig. 2A).

During APAP overdose, GSH is critical for detoxifying reactive oxygen species (ROS),
particularly in the mitochondria, generating glutathione disulfide (GSSG) selectively in
mitochondria as a result (Jaeschke, 1990). Quantification of GSSG showed increased
detoxification of ROS in lpr mice compared to C57BL/6 at 6 h and an even more dramatic
increase at 24 h (Fig. 2B). When GSSG is normalized to total GSH the difference between
genotypes is lost at 6 h, but at 24 h lpr mice had a 3-fold higher GSSG-to-GSH ratio
compared to C57BL/6 (Fig. 2C). These data show that lpr mice have higher liver GSH and
enhanced capacity to detoxify reactive oxygen generated during mitochondrial dysfunction.

3.4 Protection in lpr mice due in part to enhanced glutathione recovery
The rate limiting step in GSH synthesis is catalyzed by glutamate-cysteine ligase which is
composed of the catalytic (gclc) and modulatory (gclm) subunits. To investigate why lpr
mice have higher basal GSH levels and enhanced GSH recovery after APAP, we measured
gclc mRNA and protein levels in the liver. Basal levels of gclc mRNA were slightly higher
in lpr mice, however, the difference did not reach statistical significance. The same trend
was observed 30 minutes after APAP (Fig. 3A). Western blotting showed no difference in
gclc protein levels between genotypes in control or 30 minute APAP-treated mice (Fig. 3C).
Six hours post-APAP lpr mice had substantially higher mRNA induction of gclc (Fig. 3A)
and more liver gclc protein (Fig. 3C). By 24 h post-APAP, gclc mRNA levels declined in lpr
mice but further increased in wild type animals (Fig. 3A). Protein levels of gclc were
equivalent between genotypes at 24 h (Fig. 3C). These data show no quantifiable difference
in gclc protein in untreated animals, however, the induction and translation of gclc occurs
sooner in lpr mice allowing for increased GSH levels in these mice, and improving the
scavenging capacity for reactive oxygen species.

3.5 Attenuated injury in lpr mice correlates with decreased peroxynitrite formation
One of the most powerful oxidants in vivo is peroxynitrite, which can be formed when
superoxide generated from mitochondrial dysfunction reacts with nitric oxide produced in
part by nitric oxide synthases (Pryor and Squadrito, 1995). During APAP overdose, the
inflammatory response activates the inducible form of nitric oxide synthase (iNOS) thereby
generating nitric oxide which is freely diffusible across cell membranes. Although lpr mice
showed slightly higher baseline values of iNOS protein expression compared to wild type
animals, there was only a mild induction after APAP treatment (Fig. 3C). In contrast,
extensive iNOS induction was observed in wild type mice with peak levels at 6 h, and
returned to baseline by 24 h (Fig. 3C). Consistent with the stronger iNOS expression at 6 h,
wild type animals stained more extensively for nitrotyrosine adducts, which did not
significantly change at 24 h (Fig. 3D). In contrast, there was very limited nitrotyrosine
staining in the livers of lpr mice at 6 h but more extensive staining at 24 h (Fig. 3D).
Together these data suggest that the more robust induction of iNOS, together with the ROS
formation and slow recovery of GSH in wild type animals, contributes to the more severe
liver injury in wild type compared to lpr mice.

Williams et al. Page 5

Food Chem Toxicol. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.6 Increased expression of hepatoprotective genes in lpr mice
The induction of a number of endogenous genes has been shown to limit APAP-induced
liver injury. These include metallothionein (Mt) (Saito et al., 2010a), heme oxygenase-1
(Ho-1) (Chiu et al., 2002), and heat shock protein 70 (Hsp70) (Salminen et al., 1998). Hsp70
mRNA induction was substantially higher in lpr mice compared to wild type animals (Figure
4A). Although Mt-1, Mt-2 and Ho-1 mRNAs were upregulated after APAP treatment, there
was no significant difference between wild type and lpr mice (Fig. 4B-D).

4. DISCUSSION
Lpr mice are a common model to study autoimmunity, in particular systemic lupus
erythematosus (SLE) (Hutcheson et al., 2008). The observed autoimmunity of lpr mice
results in various reported abnormal phenotypes which alone or in combination have the
potential to modulate stress responses and influence drug toxicity testing. A recent example
in which a gene knockout was shown to alter important off-target functions is the chronic
stress observed in conditional Atg5-deficient mice. The long-term inhibition of autophagy
triggers apoptotic cell death, regeneration and Nrf-2 activation (Ni et al., 2012). This
compensatory response makes the animals resistant to APAP overdose (Ni et al., 2012). For
these reasons it was important to evaluate the mechanism of protection against APAP-
induced liver injury in lpr mice.

4.1 Inhibition of metabolic activation
The first concern regarding any intervention that reduces APAP hepatotoxicity has to be
whether formation of reactive metabolites and protein adducts is affected. Both wild type
and lpr mice experienced a similar hepatic GSH depletion during the first 30 min, which is a
sensitive indirect measure of NAPQI formation (Jaeschke et al., 2011). In addition, cysteine
protein adducts, which represent >90% of all APAP protein adducts (Streeter et al., 1984;
Muldrew et al., 2002), were quantitatively not different between the different mouse
genotypes. Thus, it can be concluded that there was no significant difference in reactive
metabolite formation between wild type and lpr mice.

4.2 Inhibition of Fas receptor-mediated apoptosis
It was previously concluded that APAP hepatotoxicity is a “mixed necrotic and apoptotic
event” and for this reason lpr mice have attenuated progression of injury (Liu et al., 2004).
However, overwhelming evidence in animals (Gujral et al., 2002) and humans (McGill et
al., 2012; Antoine et al., 2012) after APAP overdose, and in murine hepatocytes (Bajt et al.,
2004; Kon et al., 2004) and human HepaRG cells (McGill et al., 2011) indicates that APAP-
induced cell death occurs by oncotic necrosis not apoptosis. APAP does not cause relevant
caspase activation (Lawson et al., 1999; Adams et al., 2001; El-Hassan et al., 2003; Jaeschke
et al., 2006; Williams et al., 2010b, 2011b) and pancaspase inhibitors do not protect
(Lawson et al., 1999; Jaeschke et al., 2006; Williams et al., 2010b/2011b; Antoine et al.,
2010). As a consequence, nuclear DNA fragmentation, a well-established phenomenon after
APAP overdose (Ray et al., 1990; Lawson et al., 1999; Jahr et al., 2001) cannot be
prevented by caspase inhibitors but only by inhibiting mitochondrial dysfunction (Cover et
al., 2005). Nuclear DNA fragmentation occurs through mitochondria-derived endonuclease
G and AIF (Bajt et al., 2006; 2008; 2011). Some of the confusion comes from the overlap in
signaling mechanisms between apoptosis and necrosis and the fact that some assays, e.g. the
TUNEL assay, DNA ladders, mitochondrial bax translocation and cytochrome c release, are
not specific for apoptosis (Jaeschke and Lemasters, 2003). Nevertheless, if multiple
parameters are measured and if a positive control for apoptosis, e.g. Fas receptor or TNF
receptor-induced apoptosis, is used, there is little doubt that APAP-induced cell death is
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caused by necrosis and thus, the protection in lpr mice cannot be caused by inhibition of Fas
receptor-mediated apoptosis.

4.3 Attenuation of an inflammatory response
Previous studies have shown a reduced inflammatory injury after bile duct ligation in lpr
mice (Gujral et al., 2004). This opens up the possibility that a reduced inflammatory
response might explain the protection against APAP toxicity in lpr mice. The extensive
necrosis induced by APAP overdose leads to extensive release of damage associated
molecular patterns, including high mobility group box-1 protein and DNA fragments in mice
and humans (Martin-Murphy et al., 2010; Antoine et al., 2009, 2012; McGill et al., 2012).
As a result, there is cytokine formation and hepatic neutrophil and monocyte recruitment
(Lawson et al., 2000; James et al., 2005; Holt et al., 2008). However, whether or not these
inflammatory cells actually aggravate the injury is controversial (Jaeschke et al., 2012b).
Although there are papers that suggested that neutrophils may cause additional injury (Liu et
al., 2006, Ishida et al., 2006), the effect can be explained by off-target effects of the
neutropenia-inducing antibody (Jaeschke and Liu, 2007). In contrast, numerous
interventions that prevent neutrophil cytotoxicity such as antibodies against CD18, inhibitors
of NADPH oxidase as well as deficiency of various adhesion molecules or NADPH oxidase
are all ineffective in attenuating APAP hepatotoxicity (Lawson et al., 2000; James et al.,
2003a; Cover et al., 2006, Williams et al., 2010a,b; 2011a). Since pro-inflammatory
cytokine formation and hepatic neutrophil recruitment was not significantly different
between wild type and lpr mice, and given the extensive evidence against an aggravation of
injury by neutrophils in this model, it is unlikely that the reduced injury in lpr mice was
caused by a reduced inflammatory response.

4.4 Induction of GSH synthesis and hepatoprotective genes
Mitochondrial oxidant stress and peroxynitrite formation are critical for APAP-induced cell
death (Jaeschke et al., 2012a). The extensive depletion of GSH, particularly in the
mitochondria, severely impairs this endogenous defense mechanism and makes the cell
highly susceptible to oxidant stress. Therefore, replenishing mitochondrial GSH levels by
supply of sulfhydryl reagents is highly effective for scavenging ROS and peroxynitrite and
attenuating APAP-induced liver injury, which promotes regeneration and recovery (Knight
et al., 2002; Bajt et al., 2003; James et al., 2003b; Saito et al., 2010b). Our results
demonstrate that hepatic GSH levels recover faster in lpr mice and this correlates with
increased GSSG formation and less nitrotyrosine adducts. This effect may have been
triggered in part by the more extensive induction of gclc, the rate-limiting enzyme of the
GSH synthesis pathway (Lu, 2009). This suggest that the accelerated recovery of GSH
concentrations in the hepatocytes, which translates in a faster uptake of GSH into
mitochondria (Saito et al., 2010b), detoxified more effectively the oxidant stress and
peroxynitrite resulting in less injury in lpr mice. A similar mechanism, i.e. enhanced GSH
recovery, has been proposed to make female mice less susceptible to APAP-induced liver
injury (Masubuchi et al., 2011). In addition to the effects on gclc, the attenuated induction of
iNOS in lpr mice may have contributed to reduced peroxynitrite formation. Thus, at least
during the early phase of APAP-induced injury, reduced peroxynitrite formation together
with improved detoxification of oxidant stress appear to be the dominant mechanisms of
protection in lpr mice. Similar to effects observed with GSH treatment (Bajt et al., 2003), the
initial protection fades somewhat during prolonged oxidant stress.

In addition to GSH recovery, other enzymes, e.g. Ho-1, are known to generate antioxidants
and protect against APAP overdose (Chiu et al., 2002). In addition, Mt-1/2 can scavenge
NAPQI (Saito et al., 2010a) and heat shock proteins, e.g. Hsp70, can protect against APAP
toxicity (Tolson et al., 2006). However, neither Mt1/2 nor Ho-1 mRNA was induced
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differently between wild type and lpr mice. In contrast, induction of Hsp70 mRNA was
dramatically higher in lpr mice compared to wild type animals which may contribute to the
reduced injury in lpr mice.

4.5 Summary
Our data confirmed the reduced susceptibility of Fas receptor-deficient lpr mice against
APAP hepatotoxicity. There was no evidence that the protection was related to inhibition of
metabolic activation, Fas receptor-mediated apoptosis or modulation of the hepatic
inflammatory response. In contrast, the faster recovery of hepatic GSH levels during the
mitochondrial oxidant stress and peroxynitrite formation, reduced iNOS induction and
enhanced expression of Hsp70 attenuated the detrimental effects of the oxidant stress and
thus reduced the susceptibility to APAP-induced cell death. Thus, when working with gene-
deficient animals it is critical to consider and mechanistically evaluate potential off-target
effects as the reason for the modified susceptibility against hepatotoxic agents. Often these
gene deficient animals have multiple pathologies and compensatory responses that are not
sufficiently considered in the interpretation of the data. This can lead to unjustified
conclusions about therapeutic targets that are not correct for the experimental model and
could not be translated into clinical practice.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ALT alanine aminotransferase

APAP acetaminophen

GDH Glutamate dehydrogenase

GSH glutathione

GSSG glutathione disulfide

gclc Glutamate-cysteine ligase, catalytic subunit

Hsp heat shock protein

Ho-1 heme oxygenase 1

iNOS inducible nitric oxide synthase

lpr lymphoproliferation, recessive (Fas defective mouse)

Mt metallothionein

NAPQI N-acetyl-p-benzoquinone imine

ROS reactive oxygen species
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Highlights

Fas receptor defective (lpr) mice are protected from APAP-induced liver injury

Lpr mice show no evidence of changes in metabolic activation of APAP

Lpr mice have reduced iNOS induction and delayed nitrotyrosine staining

Lpr mice show increased Gclc and enhanced GSH recovery for better ROS
scavenging

Multiple factors account for the APAP resistant phenotype of lpr mice
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Figure 1. Acetaminophen-induced liver injury and hepatic neutrophil recruitment in lpr and
C57BL/6 mice
Animals were treated with 300 mg/kg APAP and plasma ALT was measured at 0 h, 6 h and
24 h (A). The area of necrosis was quantified from H&E stained liver sections by the
pathologist in a blinded manner (B). Plasma glutamate dehydrogenase (GDH) was measured
as a marker of mitochondrial injury (C). Representative H&E sections are shown (50x
magnification) (D). Quantification of hepatic neutrophil recruitment was performed via
immunohistochemistry (E). Representative histology for neutrophil staining is shown (200x
magnification) (F). Data represent means ± SE of n = 4-7 animals per group. *P<0.05
(compared to genotype control). #P<0.05 (compared to equivalent C57BL/6 time point).
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Figure 2. Glutathione and metabolic activation of APAP in lpr and C57BL/6 mice
C57BL/6 and lpr mice were treated with 300 mg/kg APAP (0 h, 0.5, 6 h and 24 h) and liver
tissue was homogenized. Total hepatic glutathione (GSH) (A) glutathione disulfide (GSSG)
(B) and GSSG:GSH ratio (C) were measured. Metabolic activation of APAP was
determined by hepatic APAP-protein adduction (D) and hepatic levels of cyp2e1 (E). Data
represent means ± SE of n = 4-7 mice per group. *P<0.05 (compared to genotype
control). #P<0.05 (compared to equivalent C57BL/6 time point).
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Figure 3. Gclc expression, iNOS induction and nitrotyrosine staining in lpr and C57BL/6 mice
after APAP overdose
C57BL/6 and lpr mice were treated with 300 mg/kg APAP (0 h, 0.5, 6 h and 24 h), liver
tissue was homogenized in Trizol and q-PCR was used to determine glutamate-cysteine
ligase (gclc) (A) and inducible nitric oxide synthase (iNOS) (B) mRNA induction. Western
blot analysis of representati ve mice from each group are shown for gclc and iNOS hepatic
protein levels (C). Representative nitrotyrosine immunohistochemistry sections from each
group are shown (D). Data represent means ± SE of n = 4-7 mice per group. *P<0.05
(compared to genotype control). #P<0.05 (compared to equivalent C57BL/6 time point).
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Figure 4. Induction of cytoprotective genes in lpr and C57BL/6 mice after APAP overdose
C57BL/6 and lpr mice were treated with 300 mg/kg APAP (0 h and 6 h), liver tissue was
homogenized in Trizol and q-PCR was used to determine inducible heat shock protein 70
(Hsp70) (A), heme oxygenase-1 (Ho-1) (B), metallothionein-1 (Mt-1) (C), and
metallothionein-2 (Mt-2) (D) mRNA induction. Data represent means ± SE of n = 4-7 mice
per group. *P<0.05 (compared to genotype control). #P<0.05 (compared to equivalent
C57BL/6 time point).
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Table 1
Hepatic cytokine and chemokine induction after acetaminophen overdose in C57BL/6 and
LPR mice

Liver mRNA expression (fold change)

C57BL/6
6 h APAP

LPR
6 h APAP

C57BL/6
24 h APAP

LPR
24 h APAP

IL-10 22 ± 4 4.2 ± 0.4 * 2.0 ± 0.8 1.6 ± 0.5

IL-6 4.7 ± 1.0 1.8 ± 0.6 * 4.4 ± 1.5 5.7 ± 1.7

CXCL1 41 ± 12 90 ± 20 * 52 ± 10 90 ± 14 *

CCL2 29 ± 5.1 34 ± 5.2 47 ± 13 87 ± 18 *

CCL3 3.7 ± 0.8 3.7 ± 0.6 16 ± 3.1 21 ± 8.1

CCL4 2.3 ± 0.5 4.1 ± 0.5 11 ± 5.0 18 ± 7.3

Hepatic mRNA levels 6 and 24 h after administration of 300 mg/kg APAP in C57BL/6 and LPR mice were measured. mRNA levels were
calculated as the cytokine mRNA-to-β-actin mRNA ratio. The values of untreated controls were set as 1 and the fold change of the APAP-treated
animals is shown relative to untreated, genotype-matched controls. Basal expression of all genes measured was not significantly different between
genotypes for any gene measured. Data represent means ± SE (n=7 animals per group).

*
Indicates a significant difference from APAP-treated C57BL/6 mice at the same time point (P < 0.05).
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