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Abstract
Acetaminophen (APAP) overdose is the leading cause of drug related liver failure in many countries.
N-acetyl-p-benzoquinone imine (NAPQI) is a reactive metabolite that is formed by the metabolism
of APAP. NAPQI preferentially binds to glutathione and then cellular proteins. NAPQI binding is
considered an upstream event in the pathophysiology, especially when binding to mitochondrial
proteins and therefore leading to mitochondrial toxicity. APAP caused a significant increase in liver
toxicity 3 h post APAP administration as measured by increased serum ALT levels. Using high-
resolution mitochondrial proteomics techniques to measure thiol and protein changes, no significant
change in global thiol levels was observed. However, 3-hydroxy-3-methylglutaryl coenzyme A
synthase 2 (HMG-CoA synthase) had significantly decreased levels of reduced thiols and activity
after APAP treatment. HMG-CoA synthase is a key regulatory enzyme in ketogenesis and possesses
a number of critical cysteines in the active site. Similarly, catalase, a key enzyme in hydrogen
peroxide metabolism, also showed modification in protein thiol content. These data indicate post-
translational modifications of a few selected proteins involved in mitochondrial and cellular
regulation of metabolism during liver toxicity after APAP overdose. The pathophysiological
relevance of these limited changes in protein thiols remains to be investigated.
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INTRODUCTION
Acetaminophen (APAP) is the leading cause of drug-induced liver failure in the US and the
UK (Lee, 2004). A fraction of the dose of APAP is metabolized by cytochrome P450 enzymes
to a reactive metabolite, presumably N-acetyl-p-benzoquinone imine (NAPQI) (Nelson,
1990). NAPQI can be conjugated with glutathione (GSH) and excreted into bile. However,
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after GSH stores are depleted, NAPQI covalently binds to cellular proteins (Mitchell et al.,
1973). A substantial number of proteins adducted by NAPQI have been identified and include
proteins of several sub-cellular compartments including cytosol, microsomes, and
mitochondria (Pumford et al., 1990; Cohen et al., 1997; Dietze et al., 1997; Qiu et al., 1998).
However, random protein binding alone is insufficient to severely impair the function of critical
proteins and directly cause cell death. Therefore, protein binding of NAPQI is considered an
important upstream event, which initiates toxicity (Jaeschke et al., 2003; Jaeschke and Bajt,
2006). In fact, the covalent binding of NAPQI to mitochondrial proteins (Tirmenstein and
Nelson, 1989; Qiu et al., 2001) appears to trigger mitochondrial dysfunction resulting in the
inhibition of the mitochondrial respiration (Meyers et al., 1988; Ramsey et al., 1989), ATP
depletion (Jaeschke, 1990; Tirmenstein and Nelson, 1990), selective mitochondrial oxidant
stress (Jaeschke, 1990; Knight et al., 2001) and peroxynitrite formation (Cover et al., 2005)
and release of mitochondrial intermembrane proteins (Bajt et al., 2006). These events trigger
the mitochondrial membrane permeability transition pore opening (MPT) and collapse of the
mitochondrial membrane potential (Kon et al., 2004), which is ultimately responsible for the
oncotic necrosis in this model (Gujral et al., 2002).

A possible consequence of the selective mitochondrial oxidant stress could be protein thiol
oxidation, which has been discussed as a cause of the MPT (Kim et al., 2002; Lemasters et al.,
2002) and mechanism of cell death (Nicotera et al., 1992). However, there are controversial
reports on loss of protein thiols after APAP overdose in vivo. Smith and Mitchell (1985) did
not find a significant change in hepatic protein thiols in a rat model at 3 and 6 h after APAP.
On the other hand, Tirmenstein and Nelson (1990) observed 22% less protein thiols in livers
of mice treated with APAP for 1 and 6 h. Limitations of both studies include the sensitivity of
the assay and the fact that total liver homogenates rather than the mitochondrial compartments
were evaluated. Based on the selective oxidation of GSH and detection of nitrotyrosine adducts
only within mitochondria (Jaeschke, 1990; Knight et al., 2001; Cover et al., 2005), we
hypothesized that mitochondrial protein thiol groups might be most susceptible to
modifications in an experimental mouse model of APAP overdose. To test this hypothesis, we
assessed mitochondrial protein thiol content using a highly sensitive thiol alkylating agent
biotinylated iodoacetamide (BIAM) (Kim et al., 2000, Shiva et al., 2004), which essentially
labels (i.e. “tags”) reduced thiols within proteins, but not those that have been oxidized and/or
modified by reactive species. Changes in protein thiol content in response to APAP exposure
were identified using high-resolution proteomics approaches (Venkatraman et al., 2004a;
Bailey et al., 2005).

MATERIALS AND METHODS
Animals and Experimental Protocol

Male C3HeB/FeJ mice (8–10 weeks old) were purchased from Jackson Laboratories (Bar
Harbor, ME). Animals received humane care according to the criteria outlined in the “Guide
for the Care and Use of Laboratory Animals”. The experimental protocol was approved by the
institutional animal care and use committee of Kansas University Medical Center. The animals
were fasted overnight, received 300 mg/kg APAP (Sigma Chemical Co., St. Louis, MO)
dissolved in warm saline (15 mg/ml) (i.p.) and were killed by cervical dislocation under
isoflurane anesthesia 1, 3, or 6 h after APAP administration. Blood was drawn from the caval
vein into a heparinized syringe for measurement of plasma alanine aminotransferase (ALT)
activities with test kit 68-B (Biotron Diagnostics, Inc., Hernet, CA). The liver was removed
and mitochondria were isolated using standard isolation procedures with differential
centrifugation as described previously (Cover et al., 2005). Purity of the mitochondrial
fractions using this isolation procedure is routinely > 95% as measured by cytochrome c content
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(marker for mitochondria) and lactate dehydrogenase activities (marker for contamination with
cytosolic proteins) (Cover et al., 2005).

BIAM Labeling of Mitochondrial Protein Thiols
Liver mitochondrial protein (1 mg) was re-suspended in 10 mM Tris buffer (pH 8) containing
1% (w/v) Triton X-100 and protease inhibitor cocktail (P8340, Sigma, St. Louis, Mo.). BIAM
(biotinylated iodoacetamide, final concentration 0.5 μM) was added to the mitochondrial
protein extract and allowed to incubate at room temperature for 15 min in the dark essentially
as described in (Kim et al., 2000; Landar et al., 2006). The labeling reaction was quenched
with β-mercaptoethanol (final concentration 20 mM) and kept on ice.

Two Dimensional Isoelectric focusing and SDS-PAGE (2D IEF/SDS-PAGE)
The protein concentration of BIAM-labeled samples was measured using the Bradford method
(Bradford, 1976) and 100 μg of protein was added to rehydration buffer containing 7 M urea,
2 M thiourea, 2% (w/v) CHAPS, 0.5% (w/v) lauryl maltoside, 0.002% (w/v) bromophenol
blue, ampholine electrophoresis reagent (Sigma, St. Louis, Mo, range pH 3–10), 0.04 M DTT
and 2 mM tributylphosphine. The mitochondrial sample in rehydration buffer was applied to
the IEF gel strips (Invitrogen ZOOM Strips, pH 3–10, Carlsbad, CA) and rehydration of IEF
gels was done overnight. IEF was performed using an Invitrogen IEF Runner with a high
voltage protocol (175 V, 20 min; ramp up to 2000 V, 45 min; 2000 V, 30 min; ramp down to
500 V, 30 min). After IEF, gel strips were removed and frozen at −80°C until second dimension
SDS-PAGE. For SDS-PAGE and the high-resolution separation of mitochondrial protein, IEF
gel strips were placed horizontally on a 10% resolving gel with 4% stacking gel. Agarose
solution (1% w/v) was added to hold the gel strips in place and gels were run at 100 V for 1 ½
h. After electrophoresis, gels were stained with Sypro Ruby™ for total protein or transferred
to nitrocellulose where BIAM labeled proteins were detected using streptavidin conjugated to
horseradish peroxidase (HRP). Protein stained gels were imaged using a Bio-Rad Fluor-S
Imager.

Immunoblotting for BIAM-labeled proteins
Gels for immunoblotting were transferred to nitrocellulose membranes and standard western
blotting techniques were used. BIAM-labeled proteins were detected by incubating membranes
in a 1:20,000 streptavidin-HRP/BSA (1%, w/v) solution. Visualization of BIAM-labeled
proteins was done using Pierce ECL reagents in combination with a BIO-Rad Chemi-Doc
imager. Digital images were analyzed using PD-Quest Software (Bio-Rad).

Protein identification with matrix assisted laser desorption ionization time-of-flight (MALDI-
TOF) mass spectrometry

Protein “spots” were excised from the gels and the “protein gel plugs” were subjected to
processing via standard methods in the UAB mass spectrometry shared facility
(http://www.uab.edu/proteomics). Samples were de-stained by three 30 min washes with a
50%, 50 mM NH4HCO3/50% acetonitrile solution. Samples were then treated with 10 mM
dithiothreitol in 50 mM NH4HCO3 for 60 min at 60°C to reduce cysteine residues, which was
then followed by alkylation of free cysteines with 55 mM iodoacetamide in 50 mM
NH4HCO3 for 60 min at room temperature. Sixteen-hour incubations at 37°C with trypsin
(12.5 ng/μL, Promega Gold Trypsin) were used to digest proteins. The resulting peptide
solution was extracted by two, 30 min washes of a 50/50 solution of 5% formic acid and
acetonitrile; supernatants were then collected, and dried using a Savant SpeedVac. Dried
peptide samples were resuspended in 0.1% formic acid, desalted (C18 ZipTips, Millipore), and
diluted 1:10 with a saturated solution of α-cyano-4-hydroxycinnamic acid matrix before
application to MALDI-TOF target plates. After plating, samples were dried before analysis
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with a Voyager De-Pro mass spectrometer in the positive mode. Spectra were analyzed using
Voyager Explorer software and peptide masses identified by mass spectrometry were submitted
to the MASCOT database (see www.matrixscience.com) for protein identification.

2D Gel and Immunoblot Image Analysis
Gels were scanned using Bio-Rad Fluor-S imager and analyzed for differences in protein
density using PD-Quest Image Analysis software (Bio-Rad). For image analysis of 2D gels,
individual protein spots on each gel were identified by the software program and manually
verified to generate a match-set of gels for control (untreated) and 1, 3, and 6 h APAP treatment
gels. The protein spot density was compared across all gels and a reference gel was selected,
which served as the master gel image. This reference gel was a control gel (i.e. untreated
sample) and contained the highest abundance of detected protein spots. Using a built-in
algorithm, automatic matching of protein spots in each gel to the corresponding protein spots
in the master gel was performed and then manually verified to correct for any proteins that
may have been incorrectly matched to proteins in the reference gel. To correct for any inter-
gel protein loading differences, the density data for all protein spots in each gel was normalized
to the total density in valid protein spots for that particular gel. Normalized protein spot
densities were transferred into an Excel spreadsheet where the mean densities were calculated
for statistical analyses. BIAM-labeled mitochondrial proteins were visualized using a Bio-Rad
Chemi-Doc imager and analyzed for differences in protein thiol intensity using the same
approaches described for gel analysis. Protein thiol blot intensities were normalized to total
protein by dividing protein thiol blots density by protein gel densities. Similarly, the thiol
intensity of individual proteins was normalized to density of its corresponding protein.
Statistical analysis on both protein and protein thiol blot densities were performed essentially
as described in (Venkatraman et al., 2004 a, b).

Measurement of HMG-CoA synthase activity
HMG-CoA synthase activity was determined in mitochondria isolated from controls and
animals treated with 300 mg/kg APAP for 6 h according to a method described by Clinkenbeard
et al. (1974) and Valera et al. (1994). After isolation, the mitochondria were resuspended in
20 mM KH2PO4 (pH 7.0) containing 0.1 mM EDTA and 0.1 mM dithiothreitol. Mitochondria
were sonicated (Sonic Dismembrator, Fisher Scientific) and enzyme activity was determined
using the following assay mixture, which contained in 1.0 ml volume: 100 μmol of Tris-HCl,
pH 8.2; 0.1 μmol of EDTA; 0.2 μmol of acetyl-CoA; 50 nmol of acetoacetyl-CoA; and HMG-
CoA synthase from mitochondria. The assay mixture minus acetyl-CoA was preincubated for
2 min at 30°C. The reaction was started by adding acetyl-CoA and the rate of HMG-CoA
synthesis was monitored by following the acetyl-CoA-dependent consumption of acetoacetyl-
CoA at 300 nm. The enzyme activity was calculated from the slope of substrate consumption
and expressed as mU/mg mitochondrial protein.

Statistical Analysis
To determine differences between 3–5 animals per group, one-way ANOVA with Bonferroni
post hoc test was performed. Statistical analysis was performed using GraphPad Prism version
4.00 for Windows (GraphPad Software, San Diego CA).

RESULTS
Administration of 300 mg/kg APAP to C3Heb/FeJ mice resulted in an increase of plasma ALT
activities as an indicator of cell injury at 3 h and a further increase at 6 h (Figure 1). These data
are identical to previous observations in the same strain of mice using the same dose of APAP
(Lawson et al., 1999;Knight et al., 2001;Gujral et al., 2002;Cover et al., 2005). The ALT values
correlate well with the histological assessment of the area of necrosis (Knight et al.,
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2001;Gujral et al., 2002) (Table 1). Furthermore, it was previously shown that within 1 h after
APAP, mitochondrial GSH levels were depleted and there was first evidence of nitrotyrosine
protein adducts in mitochondria (Table 1). However, substantial mitochondrial oxidant stress
and peroxynitrite formation was evident at 3 and 6 h, which correlated well with cell injury
and loss of mitochondrial DNA (Table 1).

Based on these earlier findings, we isolated mitochondria from APAP-treated livers and
evaluated changes in protein thiol groups of mitochondrial proteins. Using 2D IEF/SDS-PAGE
in combination with BIAM thiol labeling, we generated high-resolution protein gels of liver
mitochondria, which were immunoblotted onto nitrocellulose membranes and analyzed by
western blotting techniques to identify APAP-dependent changes in mitochondrial protein thiol
status. The BIAM approach was developed by Rhee and colleagues as a method to identify
protein cysteinyl groups susceptible to oxidative modification by hydrogen peroxide and other
oxidizing species (Kim et al., 2000). BIAM reacts with and covalently labels reduced,
unmodified cysteines but not cysteines that have been oxidized or modified by reactive oxygen,
nitrogen, or lipid species. Similarly, reaction of NAPQI with reduced cysteine residues to form
protein adducts would also block BIAM labeling of thiol groups within proteins. BIAM-labeled
proteins can then be visualized and quantified after gel electrophoresis and immunoblotting
using streptavidin-HRP (Kim et al., 2000). Thus, protein thiols that have been oxidized or
modified are identified by decreased labeling with BIAM using proteomics approaches. Figure
2A shows representative protein thiol immunoblots from liver mitochondria of untreated mice
and mice exposed to APAP for 1, 3, and 6 h. Treatment with APAP resulted in no significant
changes in total (i.e. global) protein thiol intensity as measured by BIAM labeling (Figure 2A
and B).

To further analyze changes in proteins and protein thiol groups, protein gels were analyzed to
determine whether APAP treatment had effects on total mitochondria protein content. Figure
3A shows representative total protein gels for each treatment group. Densitometry revealed
that there were no significant changes in total (i.e. global) mitochondrial protein content due
to APAP exposure (Figure 3B). When the protein thiol densitometry data for each time point
was normalized to its corresponding total protein gel density, there was no significant
difference in total mitochondrial protein thiol content in response to APAP treatment (Figure
2C). However, it is still possible that changes in the thiol content of specific mitochondrial
proteins occurred in response to APAP-induced toxicity and oxidative stress.

To further elucidate APAP-mediated modifications to the mitochondrial protein thiol
proteome, we performed a more extensive analysis of protein thiol blots and protein gels. For
this, we matched 18 protein spots immuno-reactive for the BIAM thiol label that were in
common to all treatment groups and their corresponding protein on the gel (Figure 4A and B).
When the density for each BIAM-labeled protein from blots (Figure 4A) was divided by the
protein gel density of the same matched spot (Figure 4B), we observed alterations in the thiol
status of protein spots 12 and 13 (Figure 4C). Specifically, the thiol content of protein spot 12
was significantly increased at 1 h and decreased at 6 h APAP treatment compared to control.
The thiol content of protein spot 13 was also decreased at 3 h APAP treatment when compared
to 1 h APAP. These 18 BIAM-labeled proteins were identified using MALDI-TOF mass
spectrometry and proteins with highest confidence against the Matrix Science database are
reported in Table 2. Of the 18 individual protein spots we were able to identify 15, with 12 of
the spots being unique proteins. Spot 12 was identified as 3-hydroxy-3-methylglutaryl-
Coenzyme A synthase 2 (HMG-CoA synthase), a liver specific enzyme involved in
ketogenesis, and spot 13 was identified as catalase, a peroxisomal enzyme that is a common
mitochondrial contaminant. As highlighted in Figure 5, there was clearly a significant loss in
the thiol content of HMG-CoA synthase as a consequence of APAP treatment (Panels B and
D). While there was no change in the amount of this specific protein in response to APAP
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treatment (Panels A and C), there was indeed a decrease in thiol content even when thiol blot
intensity of this protein was normalized to the corresponding protein in the gel (Panel E).
Moreover, these changes in thiol content were associated with a 40% decrease in HMG-CoA
synthase activity in mitochondrial extracts from APAP-treated animals compared to controls
(Panel F).

DISCUSSION
The objective of the present study was to evaluate potential changes in mitochondrial protein
thiol content after APAP overdose. Previous studies have shown that high doses of APAP
decrease GSH levels and induce formation of reactive oxygen species and peroxynitrite in
mitochondria (Knight et al. 2001; Cover et al., 2005). Because GSH is a source of reducing
equivalents in the organelle, significant changes in the levels of GSH and GSSG and in reactive
oxygen species formation may have significant consequences for protein thiol status and
mitochondrial function (Garcia-Ruiz et al., 1995). Increased GSH oxidation and an increased
GSSG/GSH ratio are also seen in other liver disease states such as alcoholic liver disease
(Sastre et al., 2007). Enhanced glutathione oxidation can lead to increases in glutathionylation
of mitochondrial proteins at cysteine residues (Hurd et al., 2005). For example,
glutathionylation is associated with alterations in the functionality of NADH dehydrogenase
(i.e. Complex I) of the respiratory chain (Beer et al., 2004). Important to this study is the
previous observation that a glutathione-NAPQI adduct can oxidize thiol groups within proteins
(Chen et al., 1999). Moreover, it should be pointed out that other post-translational
modifications that may occur in response to APAP-mediated increases in reactive species
include S-nitrosation reactions and oxidation of thiols to higher oxidation states such as SOH,
SO2H, and SO3H (Cooper et al., 2002). Venkatraman and colleagues have also shown increased
protein thiol modifications in mitochondria related to chronic alcohol induced oxidative/
nitrosative stress (Venkatraman et al., 2004b). Based on this, we predicted that post-
translational modifications of mitochondrial protein thiols may occur in an experimental mouse
model of APAP hepatotoxicity.

To determine whether APAP treatment altered mitochondrial protein thiol content,
experiments were performed using 2D proteomics in combination with the thiol-specific label,
biotinylated iodoacetamide (BIAM). As mentioned previously, protein thiols that have been
oxidized or modified are identified by decreased labeling with the thiol label BIAM (Kim et
al., 2000). It should be pointed out that while the BIAM technique can be used to detect proteins
with modified thiol groups, it does not provide information regarding the type of thiol
modification. Using this approach, we observed that APAP treatment did not induce a
significant loss in global thiol content in mitochondrial proteins (Figure 2). However, this
finding does not mean that individual proteins may not have experienced alterations in cysteine
residues as a consequence of APAP treatment.

To determine whether individual proteins contained modified thiols in response to APAP
exposure, protein gels and BIAM blots were overlaid and aligned so that each BIAM labeled
protein could be matched to the corresponding protein on its duplicate stained protein gel. This
analysis allowed us to demonstrate that two proteins had statistically significant decreases in
thiol content as a consequence of APAP treatment. One protein identified as containing
decreased thiol content 6 h post APAP treatment was HMG-CoA synthase, which is the first
and rate-limiting step in ketogenesis. HMG-CoA synthase catalyzes the conversion of
acetoacetyl-CoA and acetyl-CoA to HMG-CoA and CoA (Zschocke et al., 2002; Hegardt,
1999). Interestingly, HMG-CoA synthase contains one active site cysteine residue (Miziorko
and Behnke, 1985) and mutation of this active site cysteine has been shown to eliminate HMG-
CoA synthase activity (Rokosz et al., 1994). Because HMG-CoA synthase protein level was
unchanged in the current study following APAP exposure, it is proposed that the APAP-

Andringa et al. Page 6

Toxicol Lett. Author manuscript; available in PMC 2009 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dependent decrease in HMG-CoA synthase activity (Figure 5F) is due to oxidative modification
of the cysteine residue in the active site of the enzyme. We also observed that this protein
showed an increase in thiol content when normalized for total HMG-CoA synthase protein at
the 1 h time point (Figure 5). We propose that the increase in thiol content of the protein may
be the result of an oxidant-mediated conformational change in the protein that renders the
additional eight cysteine groups within the protein more reactive by either increasing their
accessibility to the BIAM label or decreasing their pKa values by moving cysteines closer to
charged amino acids. Indeed, several studies have shown that oxidant exposure can induce
conformational changes within proteins exposing residues that are normally buried within the
protein and that these structural changes can alter protein functionality (Georgiou 2002;
Barford 2004). Moreover, it is highly probable that this population of highly damaged proteins
in the early phase of APAP toxicity may have been cleared by the proteasome (Dunlop et al.,
2002) such that by 3 and 6 h only those mildly modified forms of the protein containing only
modification to the active cysteine are present. This finding is supported by studies
demonstrating that the yeast homolog of HMG-CoA synthase is sensitive to oxidative
modification upon exposure to hydrogen peroxide (Weber et al., 2004). In this study, oxidative
modification of the HMG-CoA synthase homolog was determined via an acidic shift in the
isoelectric point of the enzyme upon exposure to hydrogen peroxide (Weber et al., 2004).
Similarly, we also detected an acidic shift of a small amount of the HMG-CoA synthase protein
in gels (Figure 4) suggesting oxidative changes to the protein in response to APAP exposure.
However, this change can not be correlated to thiol modifications as this more acidic variant
of the protein showed no change in thiol content.

Taken together, these results showing oxidative modification and inactivation of HMG-CoA
synthase demonstrate that APAP overdose may negatively affect an important energy
conservation pathway in liver. Previously, it has been shown that aging-related defects in
ketogenesis are directly related to decreased HMG-CoA synthase activity, as thiolase and lyase
activities remain unaffected (Hegardt, 1999). Moreover, chronic alcohol consumption
increases the formation of a 4-hydroxynonenal adduct with HMG-CoA synthase in rat liver
(Patel et al., 2007). These results further support the hypothesis that HMG-CoA synthase may
be a specific target of oxidative modification in diseases and/or conditions caused by oxidative/
nitrosative stress. Future studies are necessary to identify the type of cysteine modification
responsible for the loss of thiols and inactivation of HMG-CoA synthase following APAP
exposure.

We also observed decreased thiol content in catalase in response to APAP treatment. In liver,
catalase is located in the peroxisomes and functions to detoxify hydrogen peroxide (Rhee et
al., 2005). It should be mentioned that catalase activity is detected in mitochondrial preparations
as peroxisomes typically contaminate the mitochondrial fraction during the isolation
procedure. However, emerging evidence indicates that catalase may be constitutively
expressed in rodent liver mitochondria (Salvi et al, 2007). Catalase is a key antioxidant enzyme
in the liver and could be of importance in detoxifying hydrogen peroxide generated during
APAP toxicity. Although no cysteines are located in the active site of catalase, there is a highly
conserved Cys 438 on the surface of the protein near the H2O2 entry channel (Sevinc et al.,
1995), thus a modification of this cysteine might inhibit access to the heme center of the catalase
enzyme. In E. coli, it was shown that the modification of Cys 438 to serine caused a 30%
reduction in the specific activity (Sevinc et al., 1995). Consistent with our observation are the
findings that APAP overdose caused a 30% reduction in catalase enzyme activity under similar
conditions in mice (Lores Arnaiz et al., 1995). Whether a small reduction in catalase activity
has any pathophysiological relevance remains unclear. The fact that massive catalase induction
did not protect against APAP hepatotoxicity would argue against a critical role of this
peroxisomal enzyme in APAP-induced liver injury (Chen et al., 2002).
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In conclusion, we have shown that during the development of APAP-induced liver injury there
are modest changes to specific mitochondrial proteins and their thiol content. Using high
resolution proteomics techniques, we were able to determine that while there were no global
changes to the mitochondrial thiol proteome in response to APAP, there was a significant
change in the thiol content of HMG-CoA synthase, the key regulatory protein of ketogenesis,
which was associated by a significant decrease in enzyme activity. There are also changes in
thiol content of catalase, a regulator of hydrogen peroxide detoxification in peroxisomes. These
data support the idea that early in the process of APAP toxicity there are changes in the thiol
status of several proteins, which may directly or indirectly contribute to modifications in
mitochondrial function. However, the overall changes in mitochondrial protein thiols appear
relatively minor compared to the substantial oxidative/nitrosative stress in this cell organelle.
Therefore, other protein modifications, e.g. nitration of tyrosine residues, may be more
important for APAP hepatotoxicity.
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Figure 1. Increased serum ALT levels in response to Acetaminophen (APAP) exposure
APAP treatment (300 mg/kg) causes liver injury as indicated by significant increases in plasma
ALT levels at 3 and 6 h after treatment. Data represent mean ± SE of n = 5 animals per time
point. *p < 0.05 (compared to time zero)
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Figure 2. Effect of APAP treatment on mitochondrial protein thiol content
Mitochondria isolated from liver of mice treated with 300 mg/kg APAP were incubated with
BIAM, a compound that labels reduced thiols. Labeled proteins were separated by 2D IEF/
SDS-PAGE and gels were subjected to immunoblotting to visualize BIAM-labeled proteins.
Immunoblot analysis showed no significant difference in thiol labeling intensity between
control and APAP treated groups over the time period of the experiment. Panel A shows
representative BIAM blots for each treatment group, panel B shows the density of the BIAM
blots, and panel C shows the normalized density of total BIAM labeled protein from blots as
compared to the total protein density of matched gels shown in Figure 3. Data represent mean
± SD of n = 3–5 animals per time point.
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Figure 3. Effect of APAP treatment on mitochondrial proteins
Mitochondria isolated from liver of mice treated with 300 mg/kg APAP were subjected to 2D
IEF/SDS-PAGE proteomics protocol. Gels were stained with Sypro Ruby™ protein stain. Panel
A shows representative gels for each treatment. Panel B, Image analysis revealed that
mitochondrial protein content in APAP treated groups was no different when compared to the
untreated control. Data represent mean ± SD of n = 3–5 animals per time point.
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Figure 4. Master maps of BIAM-labeled proteins and matched proteins from 2D gels
The spots circled on these master images represent BIAM-labeled protein spots (A) that were
matched across all treatment groups. The corresponding proteins for these BIAM-labeled
proteins on gels are shown in Panel B. Densitometry of individual BIAM-labeled protein thiols
from blots and protein gels were calculated and normalized values of BIAM-labeled proteins
is shown in Panel C (blot spots/gel spots). Two proteins showed significant differences in thiol
labeling as a consequence of APAP treatment. Data represent mean ± SD of n = 3–5 animals
per time point. *p < 0.05, compared to control; #p < 0.05, compared to 1 h APAP treatment.
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Figure 5. Decreased thiol content and activity in HMG-CoA synthase in response to APAP
treatment
Mitochondrial samples isolated from the liver of mice treated with 300 mg/kg APAP were
analyzed as described in Figures 2 and 3. APAP treatment resulted in significant changes in
the thiol content of HMG-CoA synthase. Panel A shows representative HMG-CoA synthase
protein from 2D gels with corresponding BIAM-labeling shown in Panel B for each treatment.
Panels C and D show the densitometry of HMG-CoA synthase protein and thiol content,
respectively. Panel E shows the normalized blot density over protein density. There was a
significant increase in thiol content at 1 h with significant decreases in thiol content of HMG-
CoA synthase at both 3 and 6 h time points. Panel F shows the decrease in HMG-CoA synthase
activity at 6 h time point. HMG-CoA synthase activity was determined as described in the
methods sections. Data (panel A–E) represent mean ± SD of n = 3–5 animals per time point.
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Data (panel F) represent mean ± SE of n = 6 animals per group. *p < 0.05, compared to
control; #p < 0.05, compared to 1 h APAP treatment.
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Table 2
Proteins Containing BIAM-Reactive Thiol Groups

Spot Number Protein identification MOWSE MW (kDa)
1 heat shock protein 70 kDa 246 72.3
2 ND
3 Succinyl- CoA Ligase Beta Chain and Ubiquinol- cytochrome-c reductase complex core

protein I
205 46.8 & 52.7

4 Hspd1 Protein 186 59.4
5 Albumin 96 69.3
6 Enoyl Coenzyme A hydratase 1, peroxisomal 75 36.1
7 sterol carrier protein 2, liver 88 59.0
8 Sdha protein 109 72.2
9 ND
10 3-hydroxy-3-rnethylglutaryl-coenzyme A synthase 2 80 56.8
11 Catalase 135 59.7
12 3-hydroxy-3-rnethylglutaryl-coenzyme A synthase 2 105 56.8
13 Catalase 85 59.7
14 Catalase 180 59.7
15 Hydroxyacid oxidase 1 125 40.9
16 ND
17 carnitine palmitoyltransferase 2 106 73.8
18 acetyl-coenzyme A acyltransferase 2 (mitochondrial 3-oxoacyl-coenzyme A thiolase) 144 41.8

Proteins listed above were matched on all immunoblots and gels from the control, 1, 3, and 6 h exposure to APAP. Thiol content in protein spot 12, HMG-
CoA synthase, was shown to be significantly altered by APAP treatment (Figure 5). Spot numbers are the same as those used to identify BIAM labeled
proteins spots in Figure 4A and B. ND = no designation, MOWSE is an algorithmic calculation used to assign a statistical weight to each peptide match;
therefore the higher MOWSE score implies higher statistical weight of a match.
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