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Abstract

Comparative proteomic analysis following treatment with acetaminophen (APAP) was performed
on two different models of APAP-mediated hepatocellular injury in order to both identify common
targets for adduct formation and track drug-induced changes in protein expression. Male C57BL/6
mice were used as a model for APAP-mediated liver injury in vivo and TAMH cells were used as
a model for APAP-mediated cytotoxicity in vitro. SEQUEST was unable to identify the precise
location of sites of adduction following treatment with APAP in either system. However,
semiquantitative analysis of the proteomic datasets using spectral counting revealed a
downregulation of P450 isoforms associated with APAP bioactivation, and an upregulation of
proteins related to the electron transport chain by APAP compared to control. Both mechanisms
are likely compensatory in nature as decreased P450 expression is likely to attenuate toxicity
associated with N-acetyl-p-quinoneimine (NAPQI) formation, whereas APAP-induced electron
transport chain component upregulation may be an attempt to promote cellular bioenergetics.
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Introduction
APAP is considered to be relatively safe at recommended doses and is a commonly used
analgesic and antipyretic throughout the world today.1 However, overdose cases are fairly
common due to its widespread availability,2 and over 50,000 emergency room visits
resulting in over 25,000 hospitalizations occur annually in the United States due to APAP-
associated overdoses.3 The majority of an APAP dose is metabolized to relatively nontoxic
products via sulfation and glucuronidation reactions,4 whereas only a small percentage of
the dose is metabolized to a reactive intermediate, N-acetyl-p-quinoneimine (NAPQI).5
Although, low levels of NAPQI are efficiently cleared by glutathione, at higher doses
increased concentrations of NAPQI lead to enhanced glutathione depletion, protein adduct
formation and oxidation, and oxidative/nitrosative electrophilic stress resulting in
hepatocellular injury.5–9

Initial studies relating APAP metabolism to hepatocellular injury through glutathione
depletion and the covalent modification of proteins can be found in a classic series of papers
from the Laboratory of Chemical Pharmacology at the NIH.10–13 In the past forty years
since these papers were published, the correlation between APAP-induced liver injury and
hepatic protein adduct formation has been the subject of many investigations. It was initially
proposed that a reactive metabolite of APAP formed covalent adducts to hepatic proteins,
thus decreasing their functionality, and that theses changes in protein activity play a key role
in APAP-induced liver injury.13 However, studies of hepatic protein adduction caused by 3-
hydroxyacetanilide (AMAP), a non-toxic regioisomer of APAP, led researchers to revise
this hypothesis, since the reactive metabolites of AMAP form more covalent protein adducts
compared to those formed during APAP metabolism, yet AMAP is less hepatotoxic.14–16

Due to the fact that total covalent adduct formation did not provide a definitive explanation
for the differences in APAP and AMAP toxicity, it was proposed that the localization and
stability of these adducts were more critical factors. In fact, it has been shown that AMAP
adducts predominantly reside in the cytosol and endoplasmic reticulum while APAP adducts
are more prevalent in the mitochondria.7,16–19 From this, it was hypothesized that “lethal”
mitochondrial APAP-protein adducts perturb mitochondrial homeostasis. In contrast,
AMAP-adducts in the cytosol and endoplasmic reticulum are “non-lethal”, and this
difference might be a major factor in differentiating toxicological outcomes of the
regioisomers.17,18,20 This is supported by the finding that progression of initiated protein
damage proceeds through pathways involved in cell death for APAP, whereas it proceeds
through pathways involved in cell survival for AMAP.21

The use of mass spectrometry as a tool in the field of proteomics has been applied to a wide
array of research strategies relating to protein science.22 Previous groups have used either
densitometric 2-D gel electrophoresis18,20,23 or ICAT tagging24 coupled with mass
spectrometry to measure protein expression by APAP. However, no group has performed
these comparisons using label-free quantitative proteomics by counting spectra (Scheme 1).
By utilizing shotgun proteomic techniques coupled with tandem mass spectral database
searching, peptide fragments can be matched to predicted tandem mass spectra using
SEQUEST to both identify the precise location of adducts using post-translational
modification qualifiers and generate semiquantitiatve protein expression data with spectral
counting.25,26 Using male C57BL/6 mice as a model for APAP-mediated liver injury in
vivo27 and TAMH cells as a model for APAP-mediated cytotoxicity in vitro,21 we
hypothesized that proteomic analysis of enriched peptide mixtures containing mitochondrial
proteins isolated from cells treated with APAP would lead to the identification of critical
mitochondrial targets associated with APAP-induced hepatocellular injury.
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Experimental Procedures
Materials

Acetaminophen, dexamethasone, nicotinamide, soybean trypsin inhibitor and mitochondrial
isolation kits, ammonium bicarbonate, urea, Tris base, dithiothreitol (DTT), tris(2-
carboxyethyl)phosphine (TCEP), iodoacetamide, and trifluoroacetic acid (TFA) were
obtained from Sigma-Aldrich (St. Louis, MO). Gentamicin, trypsin, Dulbecco’s modified
Eagle’s medium/Ham’s F12 (1:1), Dulbecco’s phosphate buffered solution (DPBS), 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) solution and Hank’s balanced salt
solution were purchased from Invitrogen (Carlsband, CA). ITS premix was obtained from
BD Bioscience (Bedford, MA). The protease cocktail inhibitor tablet was purchased from
Roche (Palo Alto, CA). Rodent chow (LabDiet® 5053 PicoLab® Rodent Diet 20) was
purchased from Animal Specialities (Woodburn, OR). Methanol, potassium chloride,
mannitol, sucrose, ethylenediaminetetraacetic acid (EDTA), formic acid, HPLC-grade water,
acetonitrile, tissue culture plates, dishes, and tubes were purchased from Fisher (Pittsburg,
PA). Sequencing grade trypsin was obtained from Promega (Madison, WI). Vydac Silica
C-18 MicroSpin columns were purchased from the Nest Group, Inc. (Southborough, MA).
Two hundred Å and one hundred Å Magic C-18 particles were purchased from Microm
Bioresources (Auburn, CA). All reagents used in the determination of protein content were
supplied in a bicinchoninic acid (BCA) assay kit (Pierce, Rockford, IL). Sterile saline
solution was purchased from Baxter International, Inc. (Deerfield, IL).

Mitochondrial isolation from in vivo samples
All procedures for animal use were in accordance with the National Institutes of Health
Guide for the Use and Care of Laboratory Animals and were approved by the University of
Washington Institutional Animal Care and Use Committee. Male C57BL/6 mice were
allowed unlimited access to food and acidified sterile water (pH = 2.77) until 12 hours prior
to experimentation, at which point food was withdrawn. After 12 hours, mice were dosed by
intraperitoneal injection with either sterile saline solution (10 uL/g body weight) (n = 3 for
each timepoint) or 300 mg/kg APAP dissolved in sterile saline (n = 3 for each timepoint).
After 2 and 6 hours, mice were euthanized with CO2 narcosis and cervical dislocation.
Mitochondria were isolated from the right anterior liver lobe by differential centrifugation as
previously described.28 Briefly, the right anterior lobe was homogenized on ice in 1.0 mL of
a buffer containing 200 mM mannitol, 50 mM sucrose, 10 mM KCl, 1 mM EDTA, 10 mM
HEPES, pH 7.4 and 1X Roche Complete protease inhibitor cocktail. Following twenty
passes with a Dounce homogenizer with a Teflon-coated pestle, samples underwent
centrifugation (1000 × g) at 4°C for 5 minutes. The supernatant was then collected and
underwent a second centrifugation step (10000 × g) at 4°C for 10 minutes. The supernatant
was removed and pellets (mitochondria) were washed once then resuspended in 300 uL of
the mannitol-sucrose buffer and subsequently stored at −80°C.

Cell culture
TAMH cells were grown in serum-free Dulbecco’s modified Eagle’s medium/Ham’s F12
(1:1) medium supplemented with 100 nM dexamethasone, 10 nM nicotinamide, 0.1% (v/v)
gentamicin, and 0.1% (v/v) of an ITS premix containing insulin (5 mg/mL), transferrin
(5mg/mL) and selenium (5 ng/mL). Cell passages between 25 and 35 were grown in a
humidified incubator with 5% CO2 and 95% air at 37°C. During passages, cells were
incubated with trypsin at room temperature for approximately one minute. Cell detachment
was monitored using a microscope. Once detachment was complete, 5 mL of sterile-filtered
0.5 mg/mL soybean trypsin inhibitor in Hank’s balanced salt solution was added before re-
plating.
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Mitochondrial isolation from in vitro samples
TAMH cells grown to 80–90% confluence in 150mm2 tissue culture dishes and were dosed
with 2 mM APAP that was dissolved directly into the culture medium and prepared on the
same day as the dosing regimen. Mitochondrial fractions were isolated using the protocol
described in Sigma’s Mitochondria Isolation Kit (St. Louis, MO). Briefly, after various
treatments, cells were collected into preweighed 15 mL Falcon tubes by scraping. After
centrifugation (800 × g) for 3 minutes at 4°C, the supernatant was removed by aspiration
and cell pellets were washed with 2× volume of extraction buffer A (EBA). Following
centrifugation (800 × g) for 3 minutes at 4°C, excess EBA was removed by aspiration and
cells were resuspended in 10× volume of EBA containing 2 mg/mL albumin to remove
excess lipids from the samples. Homogenization was performed (10 passes) on ice using a
Dounce homogenizer with a Teflon-coated pestle, and efficiency was monitored every 5
passes under a microscope. The homogenate was then centrifuged (600 × g) for 5 minutes at
4°C, at which point the supernatant was transferred to Eppendorf tubes and centrifuged
(11000 × g) for 10 minutes at 4°C. Supernatant was removed and pellets were resuspended
in 10× volume of EBA. Again, the sample was centrifuged (600 × g) for 5 minutes at 4°C, at
which point the supernatant was transferred to preweighed Eppendorf tubes and centrifuged
(11000 × g) for 10 minutes at 4°C. The supernatant was removed by aspiration and the
mitochondria were resuspended in 1× volume of storage buffer. Protein concentrations were
determined by BCA assay.

Whole cell preparation
TAMH cells grown to 80–90% confluence in 6-well plates were dosed with 2 mM APAP
that was dissolved directly into the culture medium and prepared on the same day as the
dosing regimen. Once the dosing regimen was complete, TAMH cells were collected by
centrifugation, cell pellets were transferred to preweighed Eppendorf tubes and resuspended
in ice-cold DPBS rather than being plated. Samples were then centrifuged (700 × g) for 5
minutes at 4°C and excess DPBS was removed by aspiration.

Sample preparation for proteomic analysis
For each treatment condition, a volume of 100mM ammonium bicarbonate was added to 300
ug of mitochondrial protein to reach 100 uL. Approximately 34 mg of urea was then added
and dissolved by gently vortexing the samples. 7 uL of 1.5 M Tris (pH 8.8) and 2.5 uL of
200 mM TCEP were added followed by a one-hour incubation and 37°C. Afterwards,
samples were incubated for one hour at room temperature in the absence of light with 20 uL
of 200 mM iodoacetamide followed by another one-hour incubation at room temperature
with 20uL of 200mM DTT. 900 uL of 100mM ammonium bicarbonate and 200uL of
methanol were then added to aid in the digestion of hydrophobic regions of the protein. Six
mg of sequencing grade trypsin was then added to each sample followed by an overnight
incubation at room temperature in the absence of light. The next day, a Speed Vac was used
to bring samples to complete dryness (approximately 5 hours). Samples were then dissolved
in 200uL of 5% acetonitrile containing 0.1% TFA. In order to ensure sample pH was less
than 5, 20 uL of 0.5% TFA was added to each sample. Vydac Silica C-18 MicroSpin
columns were prepared by washing once with 200 uL of a 50% acetonitrile solution
containing 0.1% TFA, followed by washing three times with 200 uL of a 5% acetonitrile
solution containing 0.1% TFA. Each wash contained a centrifugation step (400 × g) for 2
minutes. Once the washing and centrifugation steps were complete, samples were loaded
and underwent centrifugation (400 × g) for 2 minutes. The flow-through was collected and
reloaded onto the columns and underwent another 2 minute centrifugation (400 × g). Loaded
columns were washed three times with 200 uL of a 5% acetonitrile solution containing 0.1%
TFA. Again, each wash contained a centrifugation step (400 × g) for 2 minutes. After
washing, the loaded columns were transferred to fresh Eppendorf tubes at which point the
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samples were eluted with for two minutes at 400 × g using 200 uL of a 50% acetonitrile
solution containing 0.1% TFA. A speed vac was used to dry samples for 30–60 minutes at
which point 5% acetonitrile containing 0.1% TFA was added to bring sample volumes up to
40 uL. Samples were then transferred to autosampler vials and stored at −80°C.

Reverse-phase HPLC and tandem mass spectrometry
A homemade precolumn and column were employed consisting of 100 uM and 75 uM i.d.
fused silica capillary, respectively. The homemade precolumn was packed with
approximately 2 cm of 200 Å Magic C-18 particles (Microm Bioresources) after a 1–2 mm
sintered glass frit was in place. Packing was performed at 500 psi using laser grade helium.
The homemade column with a gravity-pulled tapered tip was packed with approximately 20
cm of 100 Å Magic C-18 particles (Microm Bioresources). Packing was initially performed
at 500 psi using laser grade helium and eventually increased to 1000 psi. Both columns were
connected to a Thermo LTQ Orbitrap XL hybrid FT mass spectrometer, which combines a
linear ion trap mass spectrometer with an Orbitrap mass analyzer. The columns were
equilibrated for approximately 30 minutes with a 95% water 5% acetonitrile solution at a
flow rate of 300 uL/min. Approximately 1 ug of sample per treatment condition was loaded
on the precolumn in 95% water 5% acetonitrile containing 0.1% formic acid and eluted with
an acetonitrile and water gradient containing 1% formic acid. The gradient ranged from 95%
water 5% acetonitrile to 25% water 75% acetonitrile over the course of 130 minutes.
Tandem mass sprectra were acquired in the linear ion trap and Orbitrap mass analyzer. As
spectra were collected using Xcaliber 2.0.7, singly charged ions were excluded and sprectral
redundancy was limited by excluding previously selected precursor ions for 30 seconds.

Peptide identification and spectral counting
All tandem mass spectrometry data was subjected to a SEQUEST search in order to identify
peptides. Collected data were matched against the ipi.MOUSE.fasta.v3.54 database with a
peptide mass tolerance of 2.10 and taking various possible post-translational modifications
into account. A mass of 57.0216 Da was added to all cysteine residues to account for
iodoacetamide alkylation, and differential modifications were included for oxidized
methionine (15.9949 M), APAP-cysteine adducts (92.02622 C), and nitrotyrosine (45.9929
Y). Tandem mass spectra were then counted in order to measure peptide levels in a
semiquantitative manner (Scheme 1). Briefly, scan numbers, precursor masses and charge
states, monoisotopic masses and charge states, and intensities were extracted from the
tandem mass spectra. From these extracted data, log files were generated upon which
spectral counting was performed. Compared to control, an increase in the number of counted
spectra was considered to represent upregulation of that protein, whereas a decrease in the
number of counted spectra was considered to be representative of protein down regulation.

Pathway analysis of proteomic data
Pathway analysis was performed using the online bioinformatics database, DAVID
(Database for Annotation, Visualization and Integrated Discovery,
http://david.abcc.ncifcrf.gov/).29,30 A list containing proteins of interest was entered into
DAVID as a gene list using OFFICIAL_GENE_SYMBOL as the identifier. Once uploaded,
the gene list and background were set to Mus musculus and both BioCarta and KEGG
(Kyoto Encyclopedia of Genes and Genomes, http://www.genome.ad.jp/kegg/) pathways
were analyzed using the functional annotation tool within DAVID.

Statistical analysis
Data are presented as spectral count ratios. Comparisons between multiple groups were
performed with Stata 10 using one-way analysis of variance (ANOVA) and subsequent t
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tests. For BioCarta and KEGG pathway data, statistical analysis and data normalization were
carried out using DAVID.29

Results
Identification of post-translational modifications

Mitochondrial lysates from both in vivo and in vitro systems were subjected to proteomic
analysis in order to determine putative sites for post-translational modifications using
SEQUEST. Spectra of interest were investigated by hand to ensure that theoretical and
acquired precursor ion masses matched well. While many interesting and promising cysteine
residues were identified as potential sites for APAP adduction, upon further investigation of
the individual spectra the results were inconclusive. Furthermore, no tyrosine resides were
identified in separate searches as targets for nitration. These results suggest that SEQUEST
searches utilizing post-translational modification qualifiers of 149.04768 Da to cysteine
residues and 45.9929 Da to tyrosine residues are not capable of detecting APAP adducts or
tyrosine nitration using current sample work-up protocols.

Spectral counting of mitochondrial protein levels in vivo
Spectral counting followed by subsequent pathway analysis was performed on the C57BL/6
mouse liver mitochondrial protein dataset. Differences in counted spectra of peptides from
APAP-treated mice were compared with counted spectra of peptides from saline-treated
mice. While 374 proteins were identified, spectral counts from 119 were found to be
significantly different between APAP and control treatments (p < 0.1). Gene lists for those
proteins found to be significantly up and downregulated according to counted spectra were
uploaded to DAVID separately to identify pathways in which significantly altered proteins
were implicated.

From the 50 proteins found to be differentially downregulted, DAVID identified two closely
related KEGG pathways significantly altered by APAP compared to control in vivo; drug
metabolism and metabolism of xenobiotics by cytochrome P450. The downregulation of
proteins involved in these pathways are quantitatively expressed as a ratio of spectral counts
from mitochondrial proteins of APAP-treated mice over spectral counts from mitochondrial
proteins of vehicle saline-treated mice (Table 1). Furthermore, the mechanism of
acetaminophen activity and toxicity was identified by DAVID as the most significant
BioCarta pathway altered by APAP compared to control, suggesting that APAP treatment
might be activating mechanisms that lead to a decrease in its bioactivation to NAPQI by
downregulating protein levels of murine Cyp1a2, Cyp2e1, and Cyp3a11.

From the 69 proteins found to be differentially upregulated, DAVID identified six KEGG
pathways significantly altered by APAP compared to controls in vivo (Table 2,
Supplemental Table 1). Of these pathways, four (Parkinson’s disease, Huntington’s disease,
oxidative phosphorylation and Alzheimer’s disease) are associated with perturbations to
mitochondrial bioenergetics. More specifically, approximately 22% of these upregulated
proteins were associated with the electron transport chain (ETC) were found to be the major
proteins upregulated by APAP (Figure 1). The upregulation of each protein related to the
ETC and mitochondrial permeability transition pore (mPTP) is quantitatively expressed as a
ratio of APAP-induced spectral counts over saline-induced spectral counts (Supplemental
Table 2). Compared to control, APAP treatment led to significant upregulation of all
differentially regulated proteins associated with the mPTP, all five mitochondrial electron
transport complexes (I–V), as well as the mitochondrial isoform of superoxide dismutase
(Sod2).
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Spectral counting of mitochondrial protein levels in vitro
Spectral counting followed by subsequent pathway analysis was performed on the TAMH
mitochondrial protein dataset. Differences in counted spectra of peptides from APAP-treated
cells were compared with counted spectra of peptides from those found in control samples.
While 527 proteins were identified, spectral counts from 151 were found to be significantly
different between APAP and control treatments (p < 0.1). Gene lists for those proteins found
to be significantly up and downregulated according to counted spectra were uploaded to
DAVID separately to identify pathways in which significantly altered proteins were
involved.

No pathways were identified from the list of 67 proteins found to be differentially
downregulated. However, from the list of 84 proteins found to be differentially upregulated,
DAVID identified three KEGG pathways significantly altered when comparing APAP to
control, all of which were previously identified in the APAP vs. control comparison in vivo
(Table 2, Supplemental Table 3). Approximately 13% of these upregulated proteins were
related to the ETC (Figure 1), and again, diseases associated with mitochondrial dysfunction
were found to be the major pathways differentially regulated by APAP compared to control.
The upregulation of each of the proteins involved in these pathways are quantitatively
expressed as a ratio of drug-induced spectral counts over control spectral counts in
Supplemental Table 4.

in vitro/in vivo comparisons
It was apparent that APAP treatment in the in vivo and in vitro samples significantly affected
the same pathways (Table 2) and caused similar changes to protein components within the
ETC (Supplemental Tables 2 and 4). In order to more clearly illustrate this point, spectra
relating to ETC proteins that were significant and differentially regulated between drug
treatments and control were grouped within their respective ETC complex. For example, all
proteins relating to Complex I (NADH ubiquinone oxioreductase), which included Ndufa4,
Ndufa6, Ndufa8, Ndufa9, Ndufb10, Ndufs8, Ndufv3, were pooled and comparisons were
made with respect to treatment condition and model system (Table 3). When comparing
APAP-induced ETC protein expression between in vivo and in vitro systems, both led to an
increase in ETC protein, however, the upregulation was more pronounced in C57BL/6
mouse livers.

Discussion
Initial studies relating the metabolic activation of APAP to protein adduct formation led to
the hypothesis that decreased function of the adducted proteins was the major cause of
APAP-induced liver injury.13 However, no proven causal relationship between the
formation of these adducts and APAP-induced liver injury has been identified,31,32 despite
extensive efforts to identify and characterize functional changes to proteins susceptible to
APAP adduction.18,33–44

Further evidence against a causal relationship between the extent of APAP-protein adduct
formation and APAP-induced toxicity is the fact that reactive metabolites of AMAP form
more covalent protein adducts compared to those formed during APAP metabolism, yet
AMAP remains less toxic both in vivo15,16 and in vitro,14 establishing one of the first
models where protein adduct formation did not serve as an ideal predictive screen for
hepatotoxicity. This prompted comparisons of the protein adduction profiles of APAP and
AMAP in hopes of differentiating adducts that were and were not related to hepatotoxicity.
Early evidence suggested that APAP adducts were predominately, though not exclusively,
formed on cysteine and sulfhydryl residues.45,46 Later work not only confirmed that APAP
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treatment led to a decrease in protein thiol levels, but that this depletion was not as severe
during AMAP treatment.47 While sulfhydryl depletion may be one factor differentiating the
toxicities of the regioisomers, evidence also suggests that the localization and residence time
of the adducts plays an important role.19 Indeed, research has shown that AMAP adducts are
more prevalent in the cytosol and endoplasmic reticulum while APAP adducts are more
prevalent in the mitochondria.7,16 This would be consistent with observations that more
reactive, shorter-lived AMAP metabolites bind closer to their site of bioactivation,48

whereas less reactive, longer-lived APAP metabolites are able to migrate and bind to
mitochondrial proteins.17

When the results from these studies are applied to the “lethal” protein adduct hypothesis,15 it
would suggest that “lethal” protein adducts are localized predominantly in the mitochondria,
whereas “non-lethal” adducts occur closer in proximity to the site of bioactivation. For this
reason mitochondria were isolated from both an in vitro model (TAMH) and an in vivo
model (C57BL/6 mouse liver) in an attempt to identify the mitochondrial protein targets
involved in APAP-induced mitochondrial dysfunction, which has been shown to play an
important role in early events leading to APAP-mediated hepatocellular injury in mice.49–53

In this study, proteolytic digests and HPLC-tandem mass spectrometry (LC-MS/MS) with
spectral counting was employed, rather than using APAP-antibodies or radiolabeled APAP
combined with 2-D gel electrophoresis. It was anticipated that APAP protein adducts would
be identified by SEQUEST by including 149.04768 Da as a possible cysteine modification
in the database searches. Unfortunately, no adducts were conclusively identified in any of
the mitochondrial preparations. In order to determine whether the mitochondrial preparation
method could be responsible for destabilizing these adducts, TAMH whole cell lysates were
prepared and analyzed by mass spectrometry. However, results from these studies also failed
to identify any adducts. This suggests that the conditions during sample digest, desalting, or
ionization, such as acid exposure or unanticipated adduct fragmentation, are likely
responsible for the destabilization of adducts and not mitochondrial isolation conditions. It is
also possible that these adducts only occur on a relatively small fraction of the individual
proteins, or that adduct formation is occurring on low abundance proteins. In the latter case,
increasing the amount of time before a previously selected precursor ion can be reselected
might be potentially beneficial.

Although we were unable to detect stable protein adducts caused by APAP, these adducts
only represent a small fraction of the changes to the liver proteome. This is based on our
previous failure to characterize an APAP adduct to glucose-6-phosphate dehydrogenase
(G6PDH) in livers of mice treated with hepatotoxic doses of APAP even though the enzyme
activity was decreased by more than 80% and a standard of an adduct was prepared and
fully characterized.36 Based on further studies, it appears that NAPQI, the major reactive
and toxic metabolite of APAP, mostly forms an unstable ipso adduct with cysteinyl thiol
groups that are subsequently S-thiolated.54 The ipso adduct, which has been shown to form
reversibly and decompose rapidly at low pH,54 may explain why covalent protein adducts
accounted for only 6% of the modifications to protein thiols detected in mouse liver after
exposure to hepatotoxic doses of APAP.7

Since negative results were observed with respect to the identification of protein adducts,
attempts were made to quantify protein expression. Spectral counting is a method that has
been shown to accurately predict relative protein abundance from LC-MS/MS data.26

Furthermore, studies comparing label-free quantitative proteomic techniques have illustrated
that these methods are capable of accurately detecting changes in protein expression.55–57

Currently, there are no reports quantitatively analyzing APAP-induced changes in protein
expression using spectral counting.
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The results from spectral counting experiments yielded consistent results between the in
vitro and in vivo systems with respect to APAP-induced protein upregulation. The three
KEGG pathways identified to be most significantly affected by APAP-induced protein
upregulation in both TAMH and C57BL/6 mouse liver are all associated with mitochondrial
dysfunction or bioenergetics (Table 2). Not only does this further validate TAMH as a good
model for APAP-induced mitochondrial toxicity, but the striking consistency of these results
also suggests that proteins associated with the ETC and mPTP are upregulated following
APAP treatment. These findings correlate well with reports in the literature suggesting that
mitochondrial dysfunction and activation of the mitochondrial permeability transition via
pore opening are key mechanisms in APAP-induced liver injury.53,58–61 It is worth noting
that while the general trend of APAP-induced upregulation of ETC proteins was consistent
among the in vitro and in vivo samples, the upregulation was more pronounced in vivo
(Table 3).

One difference observed between the in vitro and in vivo samples was the fact that proteins
related to drug metabolism were significantly downregulated by APAP treatment in vivo
(Table 1), whereas no pathways were significantly affected by protein downregulation in
vitro. With respect to Cyp1a2, Cyp2e1, Cyp3a11, and Mgst1, the sequence coverage was
greater than 20% and at least seven unique peptides were identified for each protein in vivo
(Supplemental Table 5). Initially, it was confusing that these proteins related to drug
metabolism, which are typically known to be microsomal in origin, were identified in
mitochondrial lysates. However, two of these P450 isoforms, Cyp1a2 and Cyp2e1, have
been shown to incorporate into mitochondria,62,63 as has Mgst1.64 Rationales for why the
additional P450s in Table 1 were found in mitochondrial lysates are less clear. Two possible
explanations might be that these P450 isoforms have yet to be identified in mitochondrial
membranes, or perhaps the differential centrifugation used to isolate the mitochondria was
not totally efficient at removing cytosolic and microsomal proteins. In any case, the fact that
APAP-induced downregulation of P450 protein levels is consistent among all the
differentially regulated isoforms that were identified suggests that this regulation may not be
an artifact. Furthermore, Cyp1a2, Cyp2e1, and Cyp3a11, which were identified as the P450
isoforms with the highest sequence coverage (Supplemental Table 5), are responsible for the
majority of the metabolism of APAP to the toxic metabolite, NAPQI, and have been shown
to be modulated by the constitutive androstane receptor (CAR).65 With respect to Cyp3a11,
expression has been shown to be dependant on CAR activity and independent of peroxisome
proliferator-activated receptor alpha (PPAR∝) using knockout studies in mice.66,67 This
observation may be an attempt to attenuate APAP-induced toxicity by preventing its
bioactivation at the protein level. Another explanation may be that APAP treatment
upregulates proinflammatory cytokines, which have been shown to down regulate P450s.68

APAP-induced upregulation of ETC and mPTP proteins in both TAMH and C57BL/6
mouse liver correlates well with published reports investigating the effects of APAP
treatment on cellular morphology.69,70 Both studies observed mitochondrial proliferation
accompanied by biomarkers related to toxicity following treatment with APAP, which
explains why spectral counting identified upregulation of ETC and mPTP proteins in APAP-
treated samples. Two plausible factors may explain these observations. First, this effect may
be compensatory in nature due to the fact that APAP treatment has been shown to
downregulate mitochondrial respiration through inhibition of numerous complexes within
the ETC.58,69,71,72 Second, APAP-induced mitochondrial proliferation may be related to
mitochondrial fission, a phenomenon associated with mitochondrial outer membrane
permeabilization and apoptosis.73–75

Lastly, the results from these studies were compared to results previously reported in the
literature at identical time points (Table 4). Using either densitometric 2-D gel
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electrophoresis23 or ICAT tagging24 coupled with mass spectrometry, protein expression
was measured following treatment with APAP. When interpreting the results from Table 4,
it is important to recognize variation among groups can be attributed to variables such as
dose amount, dosing time, and mouse strain differences. With respect to dosing time and
amount, previous work has shown that timepoint selection is critical in order to capture
major time and dose-dependant changes in mitochondrial protein changes.23 Furthermore,
the results presented here were obtained from mitochondria enriched samples, unlike results
from previously published work. After 2 h of APAP treatment, the in vitro system (TAMH)
appears to behave similarly to CD-1 mice23 as evidenced by consistent downregulation of
Acaa2 and upregulation of Hspa9. In contrast, the in vivo system (C57BL/6) behaved quite
differently from CD-1 mice after 2 h. Proteins such as Acaa2, Aldh2, Atp5b, and Prd were
all found to be upregulated in C57BL/6 mice and downregulated in CD-1 mice (Table 4). Of
additional interest is the fact that APAP has been shown to form adducts with or inhibit the
activity of many of the proteins on this list including Aldh2, Cps1, and Sod2.37,39,44,76 In
the case of Sod2, it was recently reported that a large increase in Sod2 activity was observed
following 6 h APAP treatment without a corresponding increase in Sod2 protein as
measured by Western blotting.76 However, using spectral counting this increase in Sod2 was
observed at 6 h (Table 4). After 6 h, only Cyp3a11 expression was found to be differentially
regulated between one of our systems (C57BL/6) and prior reports.24 This consistency is
interesting because both laboratories used identical doses in the same mouse strain.
Furthermore, the downregulation of a P450 known to metabolize APAP to NAPQI may
indicate an attempt to attenuate APAP-induced mitochondrial injury by preventing its
bioactivation.

In summary, it appears that sample preparation protocols for proteomic analysis using
SEQUEST, mass spectrometer fragmentation conditions, or both need to be modified in
order to detect APAP adduct sites using this method due to the fact that adduct detection
was not fully sucessful. However, the use of spectral counting to quantify proteins
differentially regulated by each treatment group was consistent and identified ETC proteins
as a target for APAP-induced upregulation among C57BL/6 mice and TAMH cells. The
changes in ETC protein expression may be a compensatory mechanism to maintain ATP
production during periods of drug-induced stress, since ATP levels are not only directly
related to cell viability following treatment with APAP,21,47,77 but are also necessary to
maintain cellular repair mechanisms. However, since APAP-induced stress targets the
mitochondria, ATP production is likely compromised resulting in mitochondrial dysfunction
via modification of critical mitochondrial proteins including those involved in electron
transport. Researchers have already identified adducts to Complex V following APAP
treatment,44 as well as nitrated residues on Complex I in response to mitochondrial oxidative
stress.78 Therefore, any effect ETC protein upregulation would have on generating ATP is
likely negated by the fact that mechanisms leading to mitochondrial toxicity have already
been activated. Another possible scenario specifically relating to the in vivo situation might
be the fact that upregulation of ETC proteins is occurring in adjacent, non-injured
hepatocytes (Zones 1 and 2) in the liver as an adaptation that precedes replication of these
hepatocytes as they respond to the damaged and dying cells in Zone 3. Future studies will
need to address these questions and will be aimed at determining the exact mechanisms
leading to APAP-induced ETC upregulation.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparison of the total number of upregulated proteins to those associated with the ETC.
Mitochondrial proteins from APAP-treated C57BL/6 mice and TAMH cells were isolated
and analyzed by mass spectrometry. Proteins were characterized as significantly upregulated
during APAP treatment compared to control by comparing the number of spectral counts for
a given protein (p < 0.1). The subset of proteins associated with the ETC is shaded in black,
whereas both shaded regions represent the total number of upregulated proteins.
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Scheme 1.
Spectral counting schematic. Spectral counting is a label-free quantitative proteomic method
in which each sample is subjected to individual LC-MS/MS analysis. The number of
identified tandem mass spectra from peptides within the same protein are then compared
across treatment groups and the relative quantification of that protein is assessed based on
the number of spectra.
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Table 1

Differentially regulated mitochondrial proteins identified experimentally in the drug metabolism KEGG
pathway following 6 h APAP treatment compared to control in vivo.

Murine protein Human ortholog Description Ratioa APAP/CON

Cyp1a2 CYP1A2 Cytochrome P450 1A2 0.321

Cyp2a5 CYP2A6 Cytochrome P450 2A5 N.D.b

Cyp2c54 CYP2C19 Cytochrome P450 2C54 0.167

Cyp2e1 CYP2E1 Cytochrome P450 2E1 0.287

Cyp3a11 CYP3A4 Cytochrome P450 3A11 0.295

Cyp2d9 - Cytochrome P450, family 2, subfamily d, polypeptide 9 0.200

Mgst1 MGST1 Microsomal glutathione S-transferase 1 0.617

a
Ratio of APAP-induced spectral counts over control spectral counts as described in reference 56; ratios greater than 1 represent upregulation,

whereas ratios less than 1 represent downregulation.

b
Spectral count ratio could not be determined because no spectra were identified in APAP treatment.
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Table 2

KEGG pathways differentially upregulated between APAP treatment and control.

KEGG pathway

C57BL/6 TAMH

%a p valueb %a p valueb

Parkinson’s disease 21 2.95E-08 14 5.86E-06

Huntington’s disease 22 1.27E-07 13 1.58E-03

Oxidative phosphorylation 19 3.78E-07 11 8.36E-03

Valine, leucine and isoleucine degradation 13 2.65E-06 - -

Alzheimer’s disease 19 1.83E-05 - -

Fatty acid metabolism 9 3.11E-02 - -

a
Indicates the percentage of genes identified experimentally from the total number of genes related to that KEGG term (only KEGG pathways with

% > 1 were considered).

b
p value < 0.05; includes FDR correction.
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