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ABSTRACT 

The role of protein glutathionylation in acetaminophen (APAP)-induced liver injury was 

investigated in this study.  A single oral gavage dose of 150 or 300 mg/kg APAP in 

B6C3F1 mice produced increased serum ALT and AST levels and liver necrosis in a 

dose-dependent manner.  The ratio of reduced (GSH) to oxidized (GSSG) glutathione 

was decreased in a dose-dependent manner, suggesting that APAP produced a more 

oxidizing environment within the liver.  Despite the increased oxidation state, the level of 

global protein glutathionylation was decreased at 1 hour and continued to decline through 

24 hours.  Immunohistochemical localization of glutathionylated proteins showed a 

complex dynamic change in the lobule zonation of glutathionylated proteins.  At 1 hour 

after APAP exposure, the level of glutathionylation decreased in the single layer of 

hepatocytes around the central veins but increased mildly in the remaining centrilobular 

hepatocytes.  This increase correlated with the immunohistochemical localization of 

APAP covalently bound to protein.  Thereafter, the level of glutathionylation decreased 

dramatically over time in the centrilobular regions with major decreases observed at 6 

and 24 hours.  Despite the overall decreased glutathionylation, a layer of cells lying 

between the undamaged periportal region and the damaged centrilobular hepatocytes 

exhibited high levels of glutathionylation at 3 and 6 hours in all samples and in some 24 

hour samples that had milder injury.  These temporal and zonal pattern changes in protein 

glutathionylation after APAP exposure indicate that protein glutathionylation may play a 

role in protein homeostasis during APAP-induced hepatocellular injury.  
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INTRODUCTION 

Acetaminophen (APAP; 4'-hydroxyacetanilide) is a widely used over-the-counter 

analgesic and antipyretic in the United States.  When used at recommended therapeutic 

doses, APAP is rarely associated with liver injury.  Unfortunately, APAP can cause fatal 

acute liver failure when therapeutic doses are exceeded.  This can occur when people 

purposely take an overdose or when people accidentally consume multiple products 

containing APAP.  Due to this concern, a recent FDA Advisory Panel recommended 

lowering the maximum therapeutic dose of APAP (US-FDA, 2009) and this was 

followed by a Federal Register notice lowering the maximum APAP dose in prescription 

products (US-FDA, 2011). 

 

Due to the concern over APAP-induced liver injury, a tremendous amount of research has 

been conducted to understand the mechanisms behind the pathogenesis.  The least 

controversial and most critical step is the metabolism of APAP.  At therapeutic doses, 

APAP is predominantly metabolized by the Phase II metabolic pathways of 

glucuronidation and sulfation.  A small portion of APAP is metabolized by the Phase I 

cytochrome P450 metabolic pathway to the reactive metabolite N-acetyl-p-benzoquinone 

imine (NAPQI), which is subsequently detoxified by conjugation with glutathione (GSH) 

(Bessems and Vermeulen, 2001; Hinson et al., 2010).  In overdose situations, the 

glucuronidation and sulfation pathways are overwhelmed and a larger portion of APAP is 

metabolized through the Phase I pathway.  GSH levels are limited and once depleted 

below a critical level, NAPQI is free to react with cellular macromolecules.   
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After formation of significant quantities of NAPQI, the subsequent pathways leading to 

cellular injury have been extensively investigated but their contribution to the actual 

pathogenesis are more tentative (Jaeschke, 2005; Hinson et al., 2010).  Based on the 

weight of evidence, APAP binds to various proteins and disrupts their function, leading 

to altered cellular function.  However, there are likely to be other direct or indirect effects 

of NAPQI leading to cell death, such as alteration of cellular redox status or disruption of 

signaling pathways.  Despite the wide array of cellular pathways that have been shown to 

play a role in APAP-induced hepatotoxicity, it is clear that disruption of mitochondrial 

function is one of the key outcomes (Masubuchi et al., 2005; Hanawa et al., 2008; Burke 

et al., 2010).  After covalent binding and GSH depletion occur, APAP induces the 

mitochondrial permeability transition (MPT), which allows the leakage of mitochondrial 

constituents into the cytosol.  Following activation of the MPT, mitochondria swell, lose 

membrane potential, and exhibit decreased oxidative phosphorylation with subsequent 

ATP depletion and necrotic cell death.    

 

Although these are the key events that have been elucidated to date, there are likely other 

unidentified factors that play a role in the molecular pathogenesis.  Given the significant 

GSH depletion that occurs after APAP overdose, it is likely that the dramatically altered 

redox status plays both direct and indirect roles in the pathogenesis.  One such potential 

effect is a change in protein glutathionylation and subsequent altered protein function.  

Glutathionylation involves the addition of GSH to free sulfhydryl groups on proteins 

through a disulfide bond.  The process is reversible so glutathionylation can change 

dynamically with changes in redox status, such as increased glutathionylation noted after 
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hydrogen peroxide or PABA/NO [O2-[2,4-dinitro-5-[4-(N-

methylamino)benzoyloxy]phenyl] 1-(N,N-dimethylamino)diazen-1-ium-1,2-diolate] 

exposure (Townsend, 2007).  This study was conducted to assess the affect of APAP, and 

the subsequent altered redox status, on protein glutathionylation in mouse liver.   
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METHODS 

 

Chemicals.  

Unless indicated otherwise, all chemicals were purchased from Sigma-Aldrich (St. Louis, 

MO). Protein separation equipment and reagents including electrophoresis, precast 

polyacrylamide gels, premixed buffers, loading buffer, and protein standard were 

purchased from Bio-Rad (Hercules, CA). Nitrocellulose/Filter Paper Sandwich and 

phosphate-buffered saline (PBS) buffer were purchased from Invitrogen (Carlsbad, CA). 

 

Animals. 

Six to seven week-old male B6C3F1 mice, provided by the US Food and Drug 

Administration National Center for Toxicological Research (NCTR) breeding colonies, 

were used for the study.  Animal care was performed in accordance with the National 

Institutes of Health (NIH) “Guide for the Care and Use of Laboratory Animals” and was 

authorized by the NCTR Institutional Animal Care and Use Committee.  After a seven 

day acclimation period, mice were assigned to experimental groups by weight averaging 

and housed individually in polycarbonate cages using hardwood chip bedding.  During 

the study, room temperatures remained within 19 – 23°C, and fluorescent lighting was 

provided on a 12 h on, 12 h off cycle.  Filtered tap water was provided ad libitum and 

NIH-41 irradiated diet was provided ad libitum except during designated periods of 

fasting.  Mice were fasted overnight for at least 12 hours prior to a single oral (gavage) 

dose of APAP (suspended in 0.5% methylcellulose) with feed provided to the animals 4 
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hours after dosing.  There were 3 – 4 mice in the 0.5% methylcellulose control groups, 

and 4 – 5 mice in the APAP low dose (150 mg/kg) and high dose (300 mg/kg) groups.   

 

Clinical Pathology/ Histopathology. 

Approximately 1, 3, 6, and 24 hours after dosing, the mice were anesthetized with carbon 

dioxide, blood was withdrawn via cardiac puncture, and the mice were then euthanized 

by carbon dioxide asphyxiation.  Blood was collected into serum separator or 

ethylenediaminetetraacetic acid (EDTA) tubes (BD, Franklin Lakes, NJ).  Blood in the 

serum separator tube was allowed to clot for 30 – 60 min at room temperature, 

centrifuged at 1000 × g for approximately 10 minutes, and the serum analyzed on an 

automated clinical chemistry analyzer (Alfa Wassermann ALERA, West Caldwell, NJ) to 

assess levels of creatinine, blood urea nitrogen (BUN), alanine aminotransferase (ALT), 

aspartate aminotransferase (AST), alkaline phosphatase (ALP), gamma glutamyl 

transferase (GGT), glucose, cholesterol, triglycerides, calcium, phosphorus, albumin, 

total protein, and total bilirubin.  Blood in the EDTA tube was analyzed the same day as 

collection on an ABX Pentra 60 C+ analyzer (ABX, Irvine, CA) for determination of red 

and white blood cell counts, hemoglobin, hematocrit, mean corpuscular hemoglobin 

concentration, mean corpuscular volume, platelets, and differential white blood cell 

count.  A gross necropsy was conducted on all animals and included the examination of 

all major organs, body cavities, and external surfaces.  The brain, heart, kidneys, liver, 

lung, and testes were weighed.  Sections of the liver were fixed in  neutral buffered 10% 

formalin for approximately 48 hours and then routinely processed, embedded in paraffin, 

sectioned at 4-5 μm, stained with hematoxylin and eosin, and examined by light 
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microscopy by a board-certified veterinary pathologist.  Lesions were scored on a 5-point 

scale (0-normal, 1-minimal, 2-mild, 3-moderate, 4-marked).  

 

GSH/GSSG Analysis. 

Immediately after euthanasia, the liver was quickly removed from the animal, flash 

frozen in an isopentane/dry ice slurry, and then stored at -80°C until analysis.  A portion 

(~50 mg) was homogenized in 500 µL cold methanol (stored at -20 ºC).  Labeled internal 

standard 13C2,
15N-GSH (Cambridge Isotopes, Andover, MA) was added to the 

homogenized sample, centrifuged for 15 minutes at 13,000 x g and 4 ºC then the 

supernatant was transferred and concentrated by using a Savant SpeedVac Plus SC 110A 

vacuum concentrator (Thermo Scientific, Asheville, NC).  Dried samples were 

reconstituted in 500 µL of 5% acetonitrile, vortexed and then centrifuged for 15 minutes 

at 13,000 x g and 4ºC.  GSH/GSSG was separated on a Waters (Milford, MA) BEH 

reverse-phase C18 column (2.1 x 100mm, 1.7 µm particle size) with mobile phase A = 

0.1 % formic acid in water and mobile phase B = 0.1 % formic acid in acetonitrile.  

Analytes were detected using a Xevo Triple Quadrupole Mass Spectrometer (Waters) in 

positive electrospray ionization mode with MRM transitions:  m/z 308.16 → 179.08 and 

m/z 308.16 → 162.03 (GSH) with a cone voltage = 18 and collision energies of 12 V and 

16 V, respectively: m/z 613.34 → 355.10 and m/z 613.34 → 231.09 (GSSG) with cone 

voltage = 34 and collision energies of 24 V and 38 V respectively, m/z 311.16 > 182.08 ( 

13C2,
15N-GSH labeled GSH) with cone voltage of 12 and collision energy of 14 V. 

Capillary voltage was 3.5 (kV), source temperature was 120 ºC, desolvation temperature 

was 350 ºC and desolvation gas flow rate was 700 L/hr. 
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Western Blots. 

The protein S-glutathionylation levels in total liver protein were detected by SDS-PAGE 

and Western blotting as previously described (Beer et al., 2004) with the following 

modifications.  Fifty milligrams of liver was homogenized in lysis buffer (20mM Tris 

HCL pH 8, 137 mM NaCl, 10% glycerol, 1% Triton X-100, 2mM EDTA) with fresh 

protease inhibitor cocktail (Sigma-Aldrich) using a FastPrep® instrument (MP 

Biomedicals, Solon, OH). After centrifugation for 15 min at 13,000 g at 4ºC, the 

supernatant was kept at -80ºC until use.  Protein concentration was determined by the 

Bradford method using Bio-Rad Protein Assay reagent and bovine serum albumin (BSA) 

as a standard.  Equal amounts (10 µg) of liver lysates were loaded on a 15-well 12% 

SDS-polyacrylamide gel; proteins were separated under non-reducing conditions.  After 

electrophoresis, proteins were transferred to nitrocellulose membranes (Invitrogen).  On 

completion, membranes were blocked in TTBS (Tris Buffered Saline containing 1% 

Tween-20) containing 1% (w/v) BSA for 1 h and then probed with anti-S-glutathione 

IgG2a mouse monoclonal antibody (αGSH, ViroGen Corporation, Watertown, MA) at a 

1:1000 dilution in TTBS/1% BSA overnight.  They were washed three times, ten minutes 

per wash, in TTBS, and followed by incubation with alkaline phosphatase conjugated 

anti-mouse antibody at 1:10,000 dilution in TTBS/1% BSA for 1h.  After three washes, 

15 minutes per wash, the membranes were visualized using the BCIP®/NBT liquid 

substrate.  In a separate non-reducing electrophoresis, gels were stained with 

Coomassie® blue (Bio-Rad) to assure equal loading of samples.  Western blots and 

Coomassie® stained gels were visualized using an Odyssey® Infrared Imaging System 
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(LI_COR, Nebraska, USA) with default settings.  The lanes on each blot were 

automatically detected and the overall glutathionylation levels were defined by five 

rectangular boxes, which covered each complete lane.  The intensity value of each 

sample was the sum of the intensity profiles of the five boxes.  The intensity value of 

each sample was adjusted by the Coomassie® staining gel intensity in order to correct for 

protein loading variations.   

 

Immunohistochemical Analysis of Liver Protein S-Glutathionylation. 

From each animal, serial sections 4-5 μm thick were cut from the block of paraffin-

embedded liver to facilitate comparison of localization of glutathione-protein complexes, 

APAP reactive metabolite binding, and morphological changes.  One section was stained 

with hematoxylin and eosin and examined for histopathology by light microscopy, and 

the remaining sections were immunohistochemically stained with αGSH antibody (same 

antibody used for Western blots), or an anti-APAP antibody as follows.  For 

immunohistochemical detection of protein glutathionylation or 3-(Cystein-S-yl)-

acetaminophen protein adduct, deparaffinized tissue sections were placed in an antigen 

retrieval solution (0.01 M citrate buffer, pH-6.0) for 15 minutes in a microwave oven at 

100ºC at 600 W.  Endogenous peroxidase was inhibited by incubation with freshly 

prepared 3% hydrogen peroxide with 0.1% sodium azide for 10 minutes at room 

temperature (RT). Nonspecific staining was blocked with 0.5 % casein for 20 min at RT.  

The sections were incubated with αGSH antibody at a dilution of 1:200 (5.0 µg/ml) or 

rabbit anti-APAP protein adduct anti-serum (Matthews et al., 1997) (1:400) for 1 hour at 

RT.  After incubation with primary antibody, tissue sections were incubated with 
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biotinylated goat anti-mouse IgG F(ab)2 fragments (Rockland, Gilbertsville, PA) or anti-

rabbit biotinylated IgG (ExtrAvidin Kit, Sigma) for 30 min at RT, and later with 

streptavidin-conjugated horseradish peroxidase (Sigma) for 30 min at RT.  Staining was 

developed with diaminobenzidine (DAB, Sigma) substrate for 5 min at RT, sections were 

counterstained with hematoxylin, and mounted with Permount (Fisher Scientific, 

Pittsburgh, PA).  For the negative control, 5.0 µg/ml mouse IgG (Jackson 

Immunoresearch, West Grove, PA) or PBS replaced the primary antibodies.  PBS 

containing 1% BSA (Sigma) was used a diluent for working dilutions of the primary 

antibodies, biotin-conjugated secondary antibodies, streptavidin-conjugated horseradish 

peroxidase label, and mouse IgG..  Between the steps of the staining procedure, slides 

were washed in PBS for 5 min at RT.  All sections were examined by light microscopy 

(BX40, Olympus, Japan). 

 

Statistical Analysis. 

All statistical analyses were performed using SigmaPlot version 11.0 for Windows 

(Systat Software Inc., San Jose, CA).  Data were analyzed by a one-way analysis of 

variance (ANOVA) followed by a Student-Neuman-Keuls post-hoc test.  The level of 

significance was defined as the 0.05 level of probability.  ALT and AST data were log-

transformed before statistical analysis. 
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RESULTS 

 

Clinical and Histopathological Indices of APAP-Induced Liver Injury 

A single oral gavage dose of 150 or 300 mg/kg APAP induced a dose-dependent increase 

in serum ALT and AST (Table 1).  Other clinical chemistry parameters were unaffected 

by APAP (data not shown).  Increased ALT and AST values were observed as early as 1 

hour after treatment at the higher 300 mg/kg APAP dose; whereas, statistically significant 

increases at 150 mg/kg were not observed until 6 and 24 hours after dosing (Table 1).  

Histopathological changes corroborated with the serum ALT and AST results.  

Centrilobular hepatocellular degeneration was observed at 1 hour after dosing with 

centrilobular hepatocellular necrosis rimmed by degeneration occurring as early as 3 

hours after dosing.  Hepatocellular necrosis rimmed by degeneration surrounding central 

veins and often extending around sublobular/hepatic veins was observed at 6 and 24 

hours after dosing with some high dose animals exhibiting marked necrosis at 24 hours. 

 

APAP Treatment and the Oxidative State of the Liver 

The high dose of APAP (300 mg/kg) induced a profound decrease in hepatic reduced 

glutathione (GSH) at 1 hour with levels starting to increase at 3 hours and recovery 

within 6 hours (Figure 1).  These results are consistent with those observed in previous 

studies (Adams et al., 1983; Smith and Jaeschke, 1989; Chen et al., 1990; Jaeschke, 1990; 

Srinivasan et al., 2001; Knight et al., 2002; Acharya and Lau-Cam, 2010).  The low dose 

of APAP (150 mg/kg) appeared to maintain a lower level of GSH compared to controls, 

but the difference was not statistically significant.  Oxidized glutathione (GSSG) was not 
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significantly altered for either treated group at 1 or 3 hours; however, by 6 hours, GSSG 

levels were significantly increased in the high dose group (Figure 1).   

 

The absolute levels of GSH and GSSG give an indication of the oxidative state of the 

liver; however, another indicator that better portrays the oxidative balance is the ratio of 

GSH to GSSG.  At 1 hour, the low dose had a ratio similar to controls; whereas, the high 

dose had a profound decrease in the GSH/GSSG ratio compared to controls (Figure 2), 

suggesting a more oxidative environment.  At 3 and 6 hours, both the low and high dose 

groups had significantly decreased GSH/GSSG ratios, suggesting that both treatments 

created a more oxidative environment (Figure 2). 

 

Decreased Global Hepatic Protein Glutathionylation After APAP Exposure  

Hepatic protein glutathionylation levels were measured by non-denaturing SDS-PAGE 

followed by Western blotting using a monoclonal anti-GSH antibody that recognizes 

glutathiolynated proteins.  Control samples had a wide range of hepatic proteins that were 

glutathiolynated (Figure 3A).  After APAP dosing, the level of global glutathionylation 

was slightly decreased compared to controls at the 1 and 3h timepoints (data not shown) 

but dramatically decreased, particularly in some individual samples, at the 6 and 24h 

timepoints (Figures 3A and 4A).  Coomassie staining of separate polyacrylamide gels 

loaded with the same samples confirmed that protein loading was similar across all 

samples and that the decrease in glutathionylation was not an artifact of protein loading 

(Figure 3B).  Regression analyses between overall glutathionylation level and 

histopathology score were conducted for the 6 and 24h timepoints.  At 6h, decreased 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 1, 2011 as DOI: 10.1124/jpet.111.187948

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #187948 

 15 

glutathionylation levels correlated with increasing severity of histopathological necrosis 

(Figure 4B).  A similar trend was noted at 24h (data not shown).  To confirm the 

specificity of the anti-GSH antibody for reversibly glutathiolynated proteins, liver 

homogenates were first reduced with dithiothreitol prior to SDS-PAGE to remove 

reversibly bound GSH.  The reducing treatment essentially eliminated anti-GSH binding 

in these samples (data not shown).       

 

Lobule Zonation of APAP Adducts in Relation to Protein Glutathionylation 

Western blots provided useful information on the overall changes in glutathionylation, 

however, they could not be used to determine the pattern of glutathionylation changes 

within the hepatic lobule.  This was important for a compound like APAP since it induces 

a specific centrilobular pattern of morphological effects and essentially spares the 

periportal regions.  In order to determine if a certain subset of cells or region of the lobule 

was preferentially affected, immunohistochemistry was conducted to assess the pattern of 

glutathionylation using the same anti-GSH antibody used in the Western blots.  In 

addition, the pattern of APAP adduct binding to macromolecules within the lobule was 

determined using an anti-APAP antibody in serial sections.  This allowed a direct 

comparison between the regions of the lobule that had morphological changes (H&E 

stain), glutathionylation (anti-GSH antibody), and APAP adducts (anti-APAP antibody). 

 

In control livers, the level of glutathionylation was uniform throughout the lobule with 

the exception of a layer of cells around the central veins that had high levels of 

glutathionylation (Figure 5B).  At 1 hour after the high dose of APAP (300 mg/kg), the 
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high level of glutathionylation seen in the controls around the central veins decreased; 

however, a mild increase in glutathionylation was observed throughout the central region 

hepatocytes (Figure 6B).  This increase in glutathionylation correlated with the region of 

APAP adducts (Figure 6C).  At 3 hours, clear morphological changes within the 

centrilobular hepatocytes were observed at the high dose of APAP and decreases in 

glutathionylation were observed within the most inner centrilobular hepatocytes (data not 

shown).  This pattern was accentuated at 6 hours and, in addition, a rim of hepatocytes 

lying on the periphery of the centrilobular region exhibited increased levels of 

glutathionylation (Figure 7B).  These same hepatocytes also had APAP adducts but 

appeared much less affected morphologically compared to the more inner centrilobular 

hepatocytes (Figures 7A,C).  The low dose APAP animals exhibited similar changes in 

glutathionylation; however, the changes were delayed with regards to time and were not 

as dramatic as compared to the high dose (time course low dose data not shown).  In 

contrast to the high dose of APAP, the low dose APAP livers still exhibited the rim 

pattern of increased glutathionylation at 24 hours (Figure 8B). The glutathionylation 

within the centrilobular regions, especially for the animals that had marked centrilobular 

necrosis (Figure 8C, arrow heads), was dramatically decreased relative to the other 

regions of the lobule (Figure 8D).  The rim pattern of increased glutathionylation was 

minimal at this timepoint in the high dose animals but could be observed around the less 

affected sublobule/hepatic veins (Figure 8D, arrows).      
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DISCUSSION 

APAP overdose in mice produced classic signs of hepatotoxicity consisting of increased 

serum levels of ALT and AST, GSH depletion in the liver, and centrilobular necrosis.  

Some of these effects were manifested as early as one hour after the dose highlighting the 

rapidity of APAP-induced cellular perturbation.  In line with these effects, high levels of 

APAP adducts to protein were observed from 1 to 6 hours and were still present, albeit at 

lower levels, 24 hours after the high dose.  All of these findings are consistent with 

previous reports of APAP-induced hepatotoxicity via the reactive metabolite NAPQI 

(Roberts et al., 1991; Knight and Jaeschke, 2002; James et al., 2003).   

 

NAPQI is believed to induce cellular injury by binding cellular macromolecules and 

altering their structure or function.  After NAPQI binds to a sufficient number of 

macromolecules, or specific macromolecules, key cellular processes are altered from 

which the cell cannot recover.  However, NAPQI also dramatically alters the redox status 

of hepatocytes by depleting GSH, making hepatocytes more sensitive to oxidative stress.  

This is reflected by the depletion of protein thiols that is observed after APAP treatment 

(Albano et al., 1985; Kyle et al., 1990; Tirmenstein and Nelson, 1990).  Therefore, it is 

likely that protein structure and function are also indirectly affected by the severe 

depletion of GSH caused by NAPQI.  This may be even more important than direct 

binding of NAPQI to macromolecules since the concentration of protein thiols oxidized 

after APAP has been shown to be over 10-fold greater than those directly conjugated by 

NAPQI (Tirmenstein and Nelson, 1990).   
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Glutathionylation has been shown to play a regulatory role in the activity of various 

proteins, in a manner similar to the regulatory changes induced by protein 

phosphorylation (Beer et al., 2004; Chen et al., 2007; Mueller et al., 2008; Townsend et 

al., 2009; Bundgaard et al., 2010; Hawkins et al., 2010; Liao et al., 2010; Yang et al., 

2011).  Therefore, alteration of the glutathionylation status of hepatocellular proteins 

after hepatotoxicant insult could lead to altered function of key proteins and subsequent 

cellular injury.  In this study, decreased global glutathionylation levels were observed as 

early as 1 hour after the APAP dose when assessed in whole liver homogenate via 

Western blots.  This was somewhat unexpected since the GSH, GSSG, and GSH/GSSG 

ratio analyses (Figures 1 and 2) suggested that APAP induced a more oxidizing 

environment favoring protein glutathionylation at both the low and high doses with the 

effect occurring sooner and exhibiting a greater magnitude for the high dose.  It is likely 

that other factors modulating protein glutathionylation were also changed by APAP, 

causing the decreased global glutathionylation.  For example, the enzymes catalyzing de-

glutathionylation such as glutaredoxin, thioredoxin and protein disulfide isomerase (Jung 

and Thomas, 1996) might be induced, which could overcompensate the increased 

glutathionylation induced by the changes in GSH/GSSG.  It is also possible that protein 

glutathionylation was differentially affected in different localizations of the liver leading 

to an overall decrease of this modification (detailed below).   

  

Although global glutathionylation was reduced, immunohistochemical analysis revealed 

a more complex picture.  In control livers, staining was uniform throughout the lobule 

except for the single layer of cells immediately around the central veins which had high 
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glutathionylation levels.  One potential explanation for the high levels in this layer of 

cells is that oxygen tension is very low by the time the blood reaches this region of the 

lobule and these cells may have less capacity to deal with endogenously-formed reactive 

species, such as reactive oxygen, possibly leading to higher levels of glutathionylation.  

At 1 hour, glutathionylation was increased in the hepatocytes of the centrilobular region 

but decreased in the layer of cells immediately surrounding the central vein.  The increase 

at 1 hour was subtle but it was consistent across all treated samples and it correlated with 

the localization of APAP binding.  By 3 and 6 hours, glutathionylation was increased in a 

rim pattern surrounding the centrilobular region but dramatically decreased elsewhere 

within the centrilobular region. These changes were observed for both dose groups but 

the effect occurred sooner and exhibited a greater response in the high dose group.  The 

cells with decreased glutathionylation had clear histopathological signs of injury; 

whereas, the ones with increased glutathionylation on the periphery had only subtle signs 

of injury at these timepoints.  At 24 hours, glutathionylation in the high dose animals was 

dramatically decreased; whereas, the low dose animals still exhibited a rim pattern of 

increased glutathionylation.  These time- and dose-dependent patterns of changes in 

protein glutathionylation are likely attributable to the differential distribution of CYP2E1 

and the resulting toxicity response.  Specifically, within the centrilobular area, CYP2E1 

activity is high (Anundi et al., 1993), and a large amount NAPQI is quickly produced, 

which causes mitochondrial dysfunctions leading to sustained ATP shortage, GSH 

depletion and eventually terminal cell death.  Protein glutathionylation could not be 

maintained in these cells, likely because (1) the proteins underwent additional irreversible 

oxidant damage and (2) the GSH on proteins may have been released to buffer the GSH 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 1, 2011 as DOI: 10.1124/jpet.111.187948

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #187948 

 20 

pool.  However, in the cells around the centrilobular area, CYP2E1 activity is relatively 

low (Anundi et al., 1993), thus NAPQI production is slower, and the increased cytosolic 

calcium level (Tirmenstein and Nelson, 1989) could stimulate mitochondrial oxidative 

phosphorylation, which helps maintain sufficient ATP levels to aid GSH bio-synthesis.  

In addition, GSH synthesis enzymes could be induced by Nrf2 activation (Goldring et al., 

2004) in these less-challenged cells after APAP exposure.  Therefore, the GSH level is 

likely high enough to produce increased protein glutathionylation, which may help 

prevent the proteins from further irreversible damage or serve as a modulatory 

mechanism in signal transduction (Dalle-Donne et al., 2007).  

 

The pattern of glutathionylation is consistent with indirect indicators of altered protein 

homeostasis.  After APAP hepatotoxicity, heat shock protein 25 was shown to be induced 

in a similar ring pattern (Salminen et al., 1997).  Heat shock proteins are known to be 

induced by damaged proteins and they play a role in recovering damaged proteins or 

trafficking irreversibly damaged proteins for degradation.  It is likely that altered 

glutathionylation disrupts protein homeostasis, such as through disulfide formation either 

internally or with other proteins, and the heat shock proteins try to recover these altered 

proteins.  The ring pattern is probably due to a threshold where some cells are too 

damaged to mount a recovery response; whereas, others are not critically damaged and 

can recover from the injury by inducing protective or repair responses.  It is also possible 

that the ring pattern of glutathionylation is an indicator of a protective response in these 

cells where increased glutathionylation protects the proteins from irreversible damage 

and helps them recover their normal state.    
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One likely target of altered glutathionylation after APAP injury is the mitochondria since 

not only does APAP affect mitochondrial function, but several key proteins have been 

shown to have altered function after their glutathionylation status has been changed such 

as mitochondrial complexes I and II (Beer et al., 2004; Chen et al., 2007).  In addition, 

glutathionylation has been shown to play a role in the MPT.  It was reported that carbon 

monoxide inhibited the MPT by glutathionylating adenine nucleotide translocase (ANT) 

and inhibiting its pore-forming function (Queiroga et al., 2010).  In the case of APAP, it 

is possible that decreased glutathionylation could lead to activation of the MPT through 

modification of pore-forming factors such as ANT.  Since a large number of proteins 

exhibited decreased glutathionylation, it is a challenge to determine which modified 

protein(s), if any, has an actual toxicological consequence.   

 

In conclusion, APAP decreased protein glutathionylation in mouse liver and even though 

GSH began to return to basal levels by 6 hours, protein glutathionylation remained 

depressed through 24 hours.  The pattern of glutathionylation within the hepatic lobule 

indicated that hepatocytes that are not terminally damaged may increase glutathionylation 

levels to either protect proteins from irreversible damage or help them recover their 

native state.  Hepatocytes closer to the central vein with terminal damage had 

dramatically decreased glutathionylation levels indicating that these cells were not able to 

maintain protein homeostasis.  Given the dramatic decreases in hepatic GSH levels after 

APAP exposure, it is not surprising that protein glutathionylation also changes.  

Additional research will help uncover whether the alterations are simply a passive 
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response to GSH changes or if they are actively changed to help maintain protein 

homeostasis after APAP injury. 
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LEGENDS FOR FIGURES 

Figure 1.  Mouse hepatic GSH and GSSG levels.  APAP (150 or 300 mg/kg) was 

administered by oral gavage and hepatic GSH and GSSG levels were measured by 

UPLC/MS.  A) APAP at 300 mg/kg produced a profound decrease of GSH at 1 h with 

recovery starting to occur within 3 h, although levels were still decreased compared to 

controls.  B) GSSG levels were similar to control levels at 1 and 3 h for both doses of 

APAP.  At 6 h, APAP at 300 mg/kg produced a significant increase in GSSG levels.  * = 

GSH level of 300 mg/kg group was statistically significantly decreased (p < 0.05) 

compared to the control and 150 mg/kg groups.  ** = GSSG level of 300 mg/kg group 

was statistically significantly increased (p < 0.05) compared to the control and 150 mg/kg 

groups.  Values are mean ± SEM.   

 

Figure 2.  Effect of APAP on mouse hepatic GSH/GSSG ratios.  APAP (150 or 300 

mg/kg) was administered by oral gavage and hepatic GSH and GSSG levels were 

measured by UPLC/MS.  APAP at 300 mg/kg produced a significant decrease in the 

GSH/GSSG ratio at 1 h, indicative of a more oxidizing environment within the liver.  The 

GSH/GSSG ratio increased slightly within 6 h but was still significantly decreased 

compared to control levels.  APAP at 150 mg/kg also decreased the GSH/GSSG ratio but 

the decrease was delayed and was lower in magnitude when compared to the 300 mg/kg 

group.  * = GSH/GSSG ratio of 300 mg/kg group was statistically significantly decreased 

(p < 0.05) compared to the control and 150 mg/kg groups.  ** = GSH/GSSG of 150 and 

300 mg/kg groups was statistically significantly decreased (p < 0.05) compared to the 

control group.  Values are mean ± SEM.   
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Figure 3. The effect of APAP on protein glutathionylation in mouse liver.  APAP (300 

mg/kg) was administered by oral gavage and total liver protein from 6h and 24h was 

isolated and resolved on a 12% non-reducing SDS-PAGE gel.  A. Protein 

glutathionylation was determined by Western blotting using a monoclonal antibody 

specific for glutathionylated protein.  The presented samples are representative of the 

other liver samples collected during the experiment and run on separate Western blots.  

B. The same samples were resolved on a duplicate gel followed by Coomassie staining to 

confirm equal loading of protein between samples.   

 

Figure 4. Quantification of reduced protein glutathionylation in mouse liver after APAP 

exposure.  APAP (300 mg/kg) was administered by oral gavage and total liver protein 

was isolated and resolved on a 12% non-reducing SDS-PAGE gel. A. The overall 

glutathionylation levels were quantified by bands intensity and normalized to Coomassie 

staining. All the liver samples (n ≥ 4) collected from the same time point were run on the 

same Western blot. Overall glutathionylation levels were reduced significantly. * = 

Bands intensity of 300 mg/kg group was statistically significantly decreased (p < 0.05) 

compared to the control group at 6h.  # = Bands intensity of 300 mg/kg group was 

statistically significantly decreased (p < 0.01) compared to the control group at 24h.  

Values are mean ± SEM. B.  Correlation between the glutathionylation levels and 

histopathology necrosis scores at the 6h time point.  Liver necrosis was scored on a five 

point scale (0 = normal, 1 = minimal, 2 = mild, 3 = moderate, 4 = marked).    
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Figure 5. Immunohistochemical detection of protein glutathionylation in vehicle control 

(0.5% methylcellulose) mouse liver.  Two serial sections were cut to facilitate the 

comparison of protein glutathionylation with liver morphology.  The slides were treated 

as follows: A, hematoxylin and eosin stain; B, immunohistochemical stain using an 

antibody specific for glutathionylated protein.  All immunostained slides were 

counterstained with hematoxylin.  The layer of cells immediately surrounding the central 

veins exhibited strong staining for glutathionylation (slide B, arrows).  The inset figure in 

slide B is a magnification of the staining around the central vein indicated by the lower 

arrow.  Original field magnification, 100×.   

 

Figure 6. Immunohistochemical detection of protein glutathionylation and APAP 

adduction of cellular macromolecules in mouse liver one hour after treatment with an oral 

dose of 300 mg/kg APAP.  Three serial sections were cut to facilitate the comparison of 

protein glutathionylation, APAP adduction, and liver morphology.  The slides were 

treated as follows: A, hematoxylin and eosin stain; B, immunohistochemical stain using 

an antibody specific for glutathionylated protein; C, immunohistochemical stain using an 

anti-APAP antibody.  All immunostained slides were counterstained with hematoxylin.  

The centrilobular regions exhibited mild increases in glutathionylation (slide B, arrows) 

with some cells immediately around the central veins exhibiting decreased 

glutathionylation.  The inset figure in slide B is a magnification of the staining around the 

central vein indicated by the lower right arrow.  Areas of glutathionylation correlated 

with the areas of APAP adduct formation (slide C, arrows).  Original field magnification, 

100×.   
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Figure 7. Immunohistochemical detection of protein glutathionylation and APAP 

adduction of cellular macromolecules in mouse liver six hours after treatment with an 

oral dose of 300 mg/kg APAP.  Three serial sections were cut to facilitate the comparison 

of protein glutathionylation, APAP adduction, and liver morphology.  The slides were 

treated as follows: A, hematoxylin and eosin stain; B, immunohistochemical stain using 

an antibody specific for glutathionylated protein; C, immunohistochemical stain using an 

anti-APAP antibody.  All immunostained slides were counterstained with hematoxylin.  

The cells in the periphery of the centrilobular regions exhibited increased 

glutathionylation (slide B, arrows); whereas, the inner most cells of the centrilobular 

regions exhibited decreased glutathionylation.  The region of increased glutathionylation 

correlated with the outermost areas of APAP adduct formation (slide C, arrows).  

Original field magnification, 100×.   

 

Figure 8. Immunohistochemical detection of protein glutathionylation and APAP 

adduction of cellular macromolecules in mouse liver 24 hours after treatment with an oral 

dose of 150 or 300 mg/kg APAP.  Two serial sections were cut to facilitate the 

comparison of protein glutathionylation with liver morphology.  The slides were treated 

as follows: A,C, hematoxylin and eosin stain; B,D, immunohistochemical stain using an 

antibody specific for glutathionylated protein.  All immunostained slides were 

counterstained with hematoxylin.  At the low 150 mg/kg dose, cells at the periphery of 

the centrilobular lesion exhibited increased levels of glutathionylation (slide B, arrows).  

At the high 300 mg/kg dose, centrilobular necrosis was extensive (slide C, arrow heads) 
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and glutathionylation was severely decreased throughout the lobule (slide D).  Only a 

limited number of cells peripheral to areas of necrosis around sublobular/hepatic veins 

exhibited increased glutathionylation (slide D, arrows).  Original field magnification, 

100×.   
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TABLES 

Table 1: Indices of hepatocellular injury in mice after a single oral dose of APAP 

 

 

Group 

 

 

Time (h) 

 

Serum Activity, (IU/L) 

 

Histopathology 

ALT AST 
Centrilobular 

Degeneration 

Centrilobular 

Necrosis 

 

Control 

1 34 ±(4) 94 ±(19) 0 0 

3  62 ±(10)      105 ±(5) 0 0 

6  41 ±(6) 83 ±(10) 0 0 

24  44 ±(6) 78 ±(15) 0 0 

      

 

150 mg/kg  

1   41 ±(5) 101 ±(10) 0.8 ±(0.3) 0 

3 126 ±(26) 173 ±(40) 0.8 ±(0.3) 0.3 ±(0.3) 

6     2945 ±(2446)*    2897 ±(2395)* 1.8 ±(0.6) 1.5 ±(0.6) 

24    4547 ±(1902)*  2935 ±(1508) 1.4 ±(0.4) 2.0 ±(0.5) 

      

 

300 mg/kg  

1     979 ±(619)*  1325 ±(793)* 2.0 ±(0.0) 0 

3    5927 ±(2036)*   7471 ±(2542)* 1.8 ±(0.3) 1.5 ±(0.5) 

6   11475 ±(3987)*   8430 ±(2140)*  2.8 ±(0.2) 2.8 ±(0.4) 

24     9783 ±(2984)*   7469 ±(2497)*  1.8 ±(0.5) 2.8 ±(0.7) 

 

Note. Mice (n = 3 – 5) were administered a single oral gavage dose of 0.5% methylcellulose vehicle (control) or 

APAP. Blood and liver were collected at the specified times after dosing.  Liver histopathology lesions were 

scored on a five point scale (0 = normal, 1 = minimal, 2 = mild, 3 = moderate, 4 = marked).  *Statistically 
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significant increase compared to the control at the same timepoint (p < 0.05).  Histopathology scores were not 

statistically analyzed.  Values are mean ±(SEM).  
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