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Abstract

Acetaminophen (APAP) overdose is widely regarded as a major cause of acute liver failure in the
United States. Intentional or accidental overdose of APAP in man or rodent elicits direct
hepatocellular injury that is accompanied by hepatic depletion of the antioxidant, glutathione
(GSH). In recent years, the innate immune response has also been shown to promote the
development of APAP hepatotoxicity via indirect liver damage. In the present study, we
demonstrate that Ja18~/~ mice, which are selectively deficient in the innate immune T cell,
ValdMNKT cells, were resistant to APAP hepatotoxicity relative to WT mice as reflected by
biochemical and histological liver injury markers. In parallel, improvement in the biochemical and
histological parameters of liver injury in Ja18~/~ mice was associated with a significant increase
in hepatic levels of GSH, which detoxified APAP metabolites to attenuate hepatic oxidative stress,
liver injury and necrosis. Notably, the protective effect of hepatic GSH during Val4 NKT cells
deficiency was demonstrated by its depletion in Ja18~/~ mice using DL-buthionine-[S,A]-
sulfoximine which exacerbated hepatic oxidative and nitrosative stress as well as liver necrosis
and caused mice mortality. Extraordinarily, APAP metabolism in Ja18™~ mice was altered in
favor of hepatic GSH conjugates and decreased glucuronide conjugates. In summary, we reveal a
novel finding establishing a unique association between hepatic innate immunity and GSH levels
in altering APAP metabolism to suppress liver injury and necrosis during Va14/NKT cells
deficiency in Ja18~/~ mice.
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INTRODUCTION

Globally, acetaminophen (APAP; N-acetyl-p-aminophenol) is a commonly used analgesic
and antipyretic that is generally safe at the recommended dose. Widespread use of APAP in
hundreds of prescription and over-the counter drugs has increased the prevalence of APAP
hepatotoxicity [1, 2]. Pre-existing liver disease, nutrition, age, genetic polymorphisms,
alcohol, tobacco, or interactions with other drugs have been reported to enhance the toxic
effects of APAP [1]. For this reason, APAP overdoses are the most common cause of acute
liver failure (ALF) in the U.S [1, 2]. APAP intoxication can initiate liver injury by direct and
immune-mediated mechanisms [3].

Direct mechanism of APAP induced cell death occurs through the metabolic or oxidative
phase [1, 2]. The metabolic phase involves glucuronidation, sulfation, and oxidation
pathways. These APAP biotransformation pathways form glucuronide, sulfate, and
glutathione conjugates that increase the polarity and solubility of the xenobiotic contributing
to excretion. For example, the glucuronidation pathway uses glucuronyl transferases to
catalyze UDP-glucuronic acid conjugation to APAP forming APAP-glucuronide whereas
the sulfation pathway uses sulfotransferases and the cofactor, 3’-phosphoadenosine-5-
phosphosulfate (PAPS), to add a sulfate group to APAP forming APAP-sulfate [4]. During
the oxidation pathway, APAP is oxidized to A-acetyl-p-benzoquinone imine (NAPQI)
catalyzed by cytochrome P450 enzymes (e.g. CYP2E1; an enzyme found in high levels in
centrilobular hepatocytes) [2, 5]. NAPQI is an electrophile that forms protein adducts (e.g.
mitochondrial proteins) during the metabolic phase of APAP toxicity[2]. Glutathione- S
transferase detoxifies NAPQI by catalyzing the conjugation of the antioxidant, glutathione
(GSH), to NAPQI to form 3-[glutathione-S-yl]-APAP (APAP-GSH) [1, 2]. Therefore,
APAP intoxication increases CYP2EL1 activity promoting NAPQI accumulation and
subsequent hepatic GSH depletion [2, 6]. In summary, the oxidative phase involves
mitochondrial dysfunction, which increases reactive oxygen species (ROS) production
leading to oxidative/nitrosative stress, ATP depletion, hepatocyte injury, and subsequent
centrilobular necrosis.

Immune-mediated liver damage is also evident during APAP overdose. Emerging studies
have demonstrated pathophysiological roles for innate immune cells such as peroxynitrite-
producing Kupffer cells and neutrophils during APAP hepatotoxicity [2, 7, 8]. Lymphocytes
have also been reported to promote the development of APAP liver toxicity as RAG2~/~
mice, which are deficient in T and B cells, were found to be resistant to liver injury [9].
Conversely, the adoptive transfer of CD4* T cells into RAG2~/~ mice increased APAP-
induced liver damage. More recently, both NKT and NK cells were reported to participate in
the development of APAP hepatotoxicity since simultaneous depletion of both cell types
suppressed hepatic injury [9-11]. Specifically, CD1d~/~ mice which lack both Type | NKT
cells (i.e. Val4NKT cells) and Type Il NKT cells were resistant to APAP hepatotoxicity
only if NK cells were also depleted [10].

Val4MNKT cells are a major class of NKT cells that constitute 20-40% of the hepatic
lymphocyte population [12]. These innate T cells swiftly produce pro-inflammatory
cytokines and chemokines on activation [13]. Va14NKT cells have an invariant T cell
receptor with a Va14-Ja 18 chain associated with a VB2, V7, or Vp8.2 chain [13, 14] and
are directly stimulated by TCR and TCR-independent mechanisms. The specific role of
Val4MNKT cells in the development of APAP hepatotoxicity is incompletely defined. In the
present study, we demonstrate that Va14NKT cells induce pro-inflammatory effects during
APAP hepatotoxicity by regulating hepatic GSH production and APAP metabolism.
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MATERIALS AND METHODS

Mice

Reagents

Wildtype (WT) male C57BL/6 mice (5-7 weeks) were purchased from the Jackson
Laboratory (Bar Harbor, ME). Breeding pairs of Ja18~/~ mice (on C57BL/6 background)
provided by Dr. M. Taniguchi (RIKEN Research Center for Allergy & Immunology,
Yokohoma, Japan) [15] were bred in a pathogen-free breeding facility at LSUHSC-
Shreveport [16]. All mice used in this study were continuously fed standard chow pellet diet,
drinking water ad /ibitum and were maintained on a 12h light/dark cycle. All experiments
were performed in accordance with NIH guidelines and approved by LSUHSC-Shreveport
Animal Care and User Committee.

Acetaminophen (APAP; N-acetyl-p-aminophenol), DL-buthionine-[ S, A]-sulfoximine
(BSO), PBS, perchloric acid and protease cocktail inhibitor were all purchased from Sigma-
Aldrich (St. Louis, MO). PVDF membrane and ECL western blotting reagent were
purchased from Thermo Fisher Scientific (Rockford, IL) whereas ALT commercial kit was
supplied by Thermo Electron (Waltham). Primary antibodies, malondialdehyde pAb and 3-
nitrotyrosine mAb, were purchased from EMD (Darmstadt, DE) and Invitrogen (Camarillo,
CA), respectively. GAPDH mAb was procured from Santa-Cruz Biotech (Santa Cruz, CA)
and anti-mouse horseradish peroxidase secondary antibody was acquired from BD
Bisociences (San Diego, CA). /n Situ Cell Death Detection and Protein Assay kits were
obtained from Roche Applied Science (Indianapolis, IN) and Bio-Rad Laboratories
(Hercules, CA), respectively.

APAP hepatotoxicity and in vivo treatment protocol

Freshly prepared APAP (600mg/kg, i.p.) in warm sterile PBS was administered to fed mice.
Control mice received an equivalent volume of warm sterile PBS. At indicated time-points,
mice were anesthetized with a mixture of xylazine and ketamine hydrochloride and blood
serum were collected. Livers were then perfused with ice-cold sterile PBS (to remove blood
elements) and harvested for the experimental assays described below. For hepatic GSH
depletion, mice were administered BSO (500mg/kg, i.p.) or sterile PBS, 2h before APAP
and 3h thereafter until termination of the experiment to sustain GSH depletion [17].

Biochemical and histological liver injury

Acute liver injury was determined biochemically by measuring serum levels of the liver
enzyme, alanine aminotransferase (ALT), using a commercial kit [16, 18]. For histological
evaluation, paraffin embedded liver sections (5 wm thick) were deparaffinized, stained with
H & E according to standard protocols and then analyzed by light microscopy in a blinded
fashion by a pathologist (PAA). The degree of inflammation in the liver and hepatocyte
damage was graded as mild, moderate or severe using a combination of the severity of the
inflammation, and the degree of hepatocyte degenerative changes including ballooning
degeneration, hepatocyte necrosis and frequency of acidophilic bodies [18].

GSH/GSSG analysis

Perfused livers were snap-frozen in liquid nitrogen immediately after excision from mice.
Total hepatic GSH was determined by HPLC using a modified protocol of Reed et. al. 1980
[19] as we previously described [18, 19].

Biochem Biophys Res Commun. Author manuscript; available in PMC 2013 November 16.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Downs et al. Page 4

APAP metabolites analysis

Perfused liver samples were briefly homogenized in cold sterile PBS containing protease
cocktail inhibitor and then centrifuged twice at 4°C for 15 mins at 1800g. Supernatants were
filtered using a 0.45um pore syringe filter and stored in —80°C until use. Proteins in liver
and serum supernatants were precipitated in 20% perchloric acid at 4°C by centrifugation for
10 mins at 10,000g. Next, APAP metabolites were separated using a Beckman Ultrasphere
ODS C18 Reverse Phase column (80A) on a Shimadzu HPLC system as described by
Howie ef al. 1977 [20]. The concentration of APAP metabolites in liver and serum samples
were measured based on the APAP standard phenolic ring absorbance at the wavelength of
195nm [20]. Liver protein concentration was determined using preceding protocol.

Western blot analysis

Perfused liver samples were processed and 30p.g of protein were assayed in accordance with
protocol previously described [18]. Primary antibodies were diluted in 5% milk at the
following dilutions: malondialdehyde (1:1000) or nitrotyrosine (1:1000), incubated
overnight in a cold room. Next, membranes were washed three times with PBS in Tween-20
and counterstained with corresponding secondary antibodies conjugated to horseradish
peroxidase (1:1000). Membranes were visualized using Pierce ECL western blotting reagent
and chemiluminescence film. Subsequently, all membranes were stripped in stripping buffer
(0.08% mercaptoethanol, 0.5 mM Tris-HCI pH 6.8, 10% SDS) and reprobed with GAPDH
mAb (1:1000) to verify equal protein loading in samples.

In situ analysis of liver apoptosis using TUNEL

Paraffin-embedded liver sections were dewaxed in xylene and rehydrated by passage
through a graded series of ethanol solutions, and then PBS. Sections were treated with
proteinase K (20 pg/ml in 10 mM Tris-HCI, pH 7.4-8.0) at 37°C for 15 min, washed and
then stained with fluorescein nucleotide mixture with terminal deoxynucleotidy! transferase
(TdT) from /n Situ Cell Death Detection kit. Sections were viewed and photographed using
standard fluorescent microscopic techniques [18].

Statistical Analysis

Student unpaired ftest was used for the comparison of means between 2 experimental
groups. Comparison among three or more experimental groups was performed using a one-
way ANOVA, followed by Newman-Keuls post hoc test. A value of p<0.05 was considered
significant. Densitometric image analysis was performed using ImageJ 1.43u program
(NIH). All data are shown as mean = SEM.

RESULTS

Resistance of Ja18~/~ mice to APAP liver toxicity

In preliminary experiments, we found that administration of APAP (600 mg/kg) to fed mice
significantly increased liver injury as reflected by elevated serum ALT without causing mice
mortality (data not shown). This dose was used in all experiments. Next, we assessed
whether the presence of hepatic Va14NKT cells contribute to the development of APAP
hepatotoxicity. In Fig. 1A, we show that APAP administration into WT mice caused a time-
dependent significant increase in serum ALT levels at 8 and 24h relative to naive. In
contrast, Ja18~/~ mice, which are selectively deficient in Va14NKT cells [15, 21], were
highly resistant to APAP hepatotoxicity as shown by almost complete significant
suppression (>80% reduction) of serum ALT at 8 and 24h (Fig. 1A). As expected, normal
levels of serum ALT were observed in both naive WT and Ja18~/~ mice (Fig. 1A). A
representative histological liver section from WT mice at 24h following APAP treatment

Biochem Biophys Res Commun. Author manuscript; available in PMC 2013 November 16.
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revealed extensive hepatocyte apoptosis and necrotic damage compared to livers from
Ja187/~ mice which appeared almost normal (Fig. 1B). Interestingly, the absence of
Va14NKT cells in Ja18~/~ mice was also associated with significantly higher GSH
production in the liver at 8 and 24h post-APAP contrary to corresponding WT mice (Fig.
1C). It is notable that GSH levels in naive Ja18~/~ mice did not significantly differ from
naive WT mice. In summary, the resistance of Ja18~/~ mice to APAP hepatotoxicity is
associated with elevated hepatic GSH.

GSH depletion enhances APAP-induced liver damage in Val4iNKT cells deficient mice

In view of preceding results, we depleted hepatic GSH in Ja18~/~ mice prior to APAP
administration to see if it enhanced liver injury. BSO, a specific inhibitor targeting the rate
determining step in GSH synthesis, was used to deplete hepatic GSH. Hepatic GSH
depletion in Ja 187/~ mice resulted in enhanced liver injury and mice mortality (60%)
following APAP injection relative to any treatment group (Fig. 1D). In parallel, liver
sections from these mice exhibited widespread necrosis, severe hemorrhage, and focal
steatosis (Fig. 1E). These results suggest a protective role for GSH in the liver of Ja187/~
mice during APAP hepatotoxicity.

Effect of Val4iNKT cell deficiency on APAP metabolism in the liver

Considering the observed changes in hepatic GSH levels in Ja18~/~ mice during APAP
hepatotoxicity, we also quantified hepatic APAP and its metabolites. Following APAP
administration, we observed a time-dependent decrease in APAP content in the livers of WT
and Ja18~/~ mice (Fig. 2A). Notably, APAP content in the liver of Ja18™/~ mice was
significantly lower at 2h compared to corresponding WT mice (Fig. 2A). In parallel, we
observed augmented hepatic APAP-GSH levels in Ja18~ mice at 2h in contrast to
corresponding WT mice (Fig. 2B). In Fig. 2C, we also demonstrate that the level of the
APAP metabolite, APAP-glucuronide, in the liver of Ja18~/~ mice was significantly
reduced at both the 1h and 2h time-points relative to corresponding WT mice. No significant
changes in hepatic APAP-sulfate levels were observed in the liver of WT and Ja18~/~ mice
throughout the time-course (Fig. 2D).

Effect of Val4iNKT cell deficiency on serum APAP and metabolite levels

Ja187/~ mice had significantly lower serum APAP levels at 0.5h and 2h when compared to
corresponding WT mice (Fig. 3A). In contrast to our finding in the liver, no significant
change in serum APAP-GSH levels was observed in Ja18~/~ mice relative to WT mice
throughout the time-course (Fig. 3B). When APAP-GSH is transported outside the cell, it
undergoes further metabolism and can form APAP-mercapturate at principal sites of
acetylation like the kidneys [22]. At 4h post APAP administration, we identified
significantly high APAP-mercapturate serum levels in Ja18~/~ mice versus corresponding
WT mice (Fig. 3C). Serum APAP-glucuronide levels significantly decreased at 0.5h—2h in
Ja187~ mice versus WT mice (Fig. 3D) whereas serum APAP-sulfate levels were
significantly reduced in Ja18~~ mice over WT mice at 2h post-APAP administration (Fig.
3E).

DISCUSSION

Val4MNKT cells are the most abundant innate T lymphocytes in the liver representing 80—
90% of the NKT cell population [12]. During inflammatory responses, Va1l4NKT cells are
rapidly activated by TCR-dependent and independent mechanisms to release pro-
inflammatory cytokines (e.g. IFN-y, TNF-a) and chemokines (including CCL5, CCL3)
[13]. These pathophysiological responses recruit and/or stimulate intrahepatic leukocytes to
produce reactive species, ROS and RNS [13, 23, 24]. Consequently, Va14NKT cells have
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an important immunoregulatory role representing a critical link between the innate and
adaptive immune systems. Va14/NKT cells have been implicated in the pathophysiology of
many models of liver inflammation and injury mediated by ischemia/reperfusion [21],
microbes [24], alcohol [25] and adenovirus [16]. The specific contribution of Va14NKT
cells to the development of APAP-mediated liver injury is incompletely defined.

In the current study, we provide proof-of-principle that highlights a central role for
Val4MNKT cells in suppressing GSH formation in the liver to promote the development of
APAP hepatotoxicity. We initially demonstrated that mice deficient in Va14NKT cells
were resistant to liver injury after APAP administration since biochemical and histological
markers of liver injury were significantly reduced (>80%) relative to the levels in WT mice.
This observation is in contrast to a previous report [10] using the CD1d™~~ mice, which are
deficient in both Va14/NKT cells and Type Il NKT cells. Specifically, CD1d~/~ mice were
found to be equally susceptible to liver injury as the corresponding WT mice following
APAP administration [10]. Interestingly, liver injury in these mice were only alleviated if
NK cells were also depleted [10]. NKT and NK cells are known to share similar phenotypic
and functional characteristics including cell surface markers, cytokine production and
cytotoxicity [10, 13]. Therefore, it has been suggested that the deficiency of either NKT or
NK cells could be compensated by the cell type present to induce hepatocyte death during
APAP intoxication. However, our study undeniably revealed a novel and essential
pathophysiological role for Va14NKT cells in promoting APAP hepatotoxicity. Next, we
evaluated why Va14NKT cell deficient mice, Ja18~/~ mice, were resistant to APAP liver
toxicity. We speculated that high GSH levels in Ja18~/~ mice relative to WT mice may
underlie the hepatoprotective effects documented in Ja18~/~ mice following APAP
administration. It is notable that GSH is an effective and potent ROS and RNS scavenger
shown to suppress/prevent APAP hepatotoxicity [2, 26]. Indeed, we documented elevated
hepatic levels of GSH in Ja 18/~ mice versus WT mice post-APAP administration.
Additionally, we specifically established a hepatoprotective role for hepatic GSH in Ja187/~
mice post-APAP treatment since depletion of hepatic GSH in Ja18~~ mice using BSO
significantly exacerbated liver damage (~8-fold) and caused mortality (60%) over APAP-
treated Ja 18~ mice administered vehicle. Taken together, we propose that Va14NKT
cells deficiency positively regulate GSH production in the liver to dampen APAP liver
toxicity in Ja18~/~ mice.

Given that hepatic GSH induced a hepatoprotective in Ja18~/~ mice, we next measured
APAP and its metabolites to assess any changes in APAP metabolism. We observed a
significant increase in hepatic APAP-GSH and serum APAP-mercapturate levels during
ValdMNKT cells deficiency that correlated with a significant decrease in APAP levels in
Ja187~ mice compared to the WT mice. Our results indicate that hepatic GSH detoxify
APAP metabolites during Va14/NKT cells deficiency thereby reducing liver damage in
Ja187~ mice. Differences between GSH and APAP-related conjugate levels at early time-
points as seen in WT and Ja.18~/~ mice can result from hepatic protein glutathionylation in
centrilobular region and biliary excrement [27, 28]. For this reason, we also assessed APAP-
glucuronide and APAP-sulfate levels. Glucurony! transferase activity is known to be
regulated by signaling pathways (e.g. Nrf2, PKC, MAPK) during APAP intoxication [29,
30]. We observed a significant decrease in serum and hepatic APAP-glucuronide levels
Ja187~ mice compared to WT mice. In addition, serum but not hepatic APAP-sulfate levels
were significantly decreased in Ja18~/~ mice versus WT mice. Our data suggests that
Ja187~ mice have a decreased dependency to form APAP-sulfate in extrahepatic tissues
like the kidneys [4, 22]. On the basis of these findings, we propose that the enrichment of
GSH in the liver of Ja18~/~ mice due to a deficiency in Va14NKT cells was related to a
shift in APAP metabolism in favor of GSH conjugation to NAPQI that suppressed liver
damage.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2013 November 16.
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GSH is known to effectively scavenge ROS and RNS through enzymatic (e.g. GSH
peroxidase) and non-enzymatic reactions that minimizes oxidative and nitrosative stress as
well as liver toxicity in response to APAP administration [2, 26]. In agreement, GSH
depletion in Ja 18/~ mice using BSO during APAP hepatotoxicity enhanced oxidative stress
(i.e. MDA-protein adducts), nitrosative stress (i.e. nitrotyrosine) and liver necrosis.
Conversely, high GSH levels in Ja18~/~ mice due to Va14NKT cells deficiency was
associated with significantly reduced oxidative stress and DNA fragmentation linked to a
decrease in liver damage relative to WT mice with similar treatments. All APAP treatments
had high levels of nitrotyrosine staining, which is a reliable footprint of peroxynitrite [2, 8,
31]. Intriguingly, MDA and nitrotyrosine-protein adducts (~60-200kDa) have been reported
to resemble albumin monomers and aggregates suggesting that the blood components form
adducts with products of reactive species [32, 33]. RNS can elicit DNA fragmentation and is
known to inhibit P450 enzymes, caspases, and cytochrome oxidase [34]. This ability of RNS
to inhibit caspase activity associates with the lack of DNA fragmentation during GSH
depletion accompanying APAP hepatotoxicity.

In summary, our results revealed that Va 14 NKT cells exert pro-inflammatory and
pathophysiological responses during APAP hepatotoxicity by suppressing hepatic GSH
formation to alter APAP metabolism. Specifically, mice deficient in Va14NKT cells had
high hepatic GSH levels that detoxified NAPQI to attenuate oxidative stress and the
development of liver necrosis.
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Fig. 1.

Time course for APAP hepatotoxicity in Ja18~/~ mice and WT mice. (A) Serum ALT
levels. (B) Representative H & E staining of liver sections from WT and Ja 187~ mice. (C)
HPLC measurement of hepatic GSH levels in WT and Ja. 187/~ mice before and after APAP
treatment. Data in (A) and (C) are presented as mean + SEM with n=6-12 mice/group with
*p<0.05 vs. naive WT; #p<0.05 vs. corresponding WT as assessed by ANOVA/Newman-
Keuls post hoc test. (D-E) Effect of GSH depletion on APAP liver toxicity in Ja18~/~ mice.
BSO or PBS was injected in WT and Ja18~/~ mice (see methods) for assessment of serum
ALT levels (D) and Histological injury by H & E staining of liver sections (E). Data in D is
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shown as mean + SEM with n=7-19 mice/group with *»<0.05 vs. WT/PBS; #<0.05 vs.
WT/PBS/APAP; °p<0.05 vs. Ja18~/"/PBS/APAP.
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Fig. 2.

Metabolic shift of hepatic APAP and metabolites levels from Ja.18~/~ mice versus WT mice
during APARP liver toxicity. (a) APAP levels. (b) APAP-GSH levels. (c) APAP-Glucuronide
levels. (d) APAP-Sulfate levels. All results are presented as mean £ SEM with n=6-12 mice/
group; *v<0.05 vs. naive WT; #p<0.05 vs. corresponding WT.
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Fig. 3.

Evaluation of serum APAP and metabolites levels in WT and Ja. 18/~ mice by HPLC during
APAP hepatotoxicity. (A) APAP; (B) APAP-GSH; (C) APAP-Mercapturate, (D) APAP-
Glucuronide levels and (E) APAP-Sulfate levels. All data are presented as mean + SEM
with n=3-9 mice/group with *p<0.05 vs. naive WT; #p<0.05 vs. corresponding WT.
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