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Acetaminophen-induced S-nitrosylation and
S-sulfenylation signalling in 3D cultured
hepatocarcinoma cell spheroids†
Katarzyna Wojdyla,‡§a Krzysztof Wrzesinski,§b James Williamson,¶a Stephen J. Feyb
and Adelina Rogowska-Wrzesinska*a
Acetaminophen (APAP) is possibly the most widely used medication globally and yet little is known of its
molecular eﬀects at therapeutic doses. Using a novel approach, we have analysed the redox proteome of
the hepatocellular cell line HepG2/C3A treated with therapeutic doses of APAP and quantitated both individual protein abundance and their reversible S-nitrosylation (SNO) and S-sulfenylation (SOH) modiﬁcations
by mass spectrometry. APAP treatment results in a late, transient increase in ATP production and a multiplicity of alterations in protein abundance and modiﬁcations. The majority of the diﬀerentially SNO or SOH
modiﬁed proteins are found in the endoplasmic reticulum and cytosol, suggesting that the source of reactive species is there. The cellular response indicates: constraint of fatty acid metabolism; reduction in ribosome construction and protein synthesis (to conserve ATP); maintenance of glutathione levels (by increased
synthetic capacity); and an increased NADPH production (via the pentose phosphate pathway). This
response appears to be coordinated, directly or indirectly, by the canonical Wnt and Nrf2 signalling pathways. Combined with the known role of NAPQI, these studies suggest that the physiological and toxicologi-
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cal responses form a continuum: therapeutic doses of APAP produce reactive species and NAPQI in the
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cytoplasm but result in little permanent damage. The cell mounts a multifaceted response which minimises
disruption and repairs are eﬀected within a day or two. Higher doses of APAP lead to intensiﬁed reactive
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species production, which increasingly disturbs mitochondrial function and eventually leads to cell death.

Introduction
a
Protein Research Group, Department of Biochemistry and Molecular Biology,
University of Southern Denmark, Campusvej 55, 5230 Odense M, Denmark.
E-mail: adelinar@bmb.sdu.dk
b
Tissue Culture Engineering Laboratory, Department of Biochemistry and Molecular
Biology, University of Southern Denmark, Campusvej 55, 5230 Odense M, Denmark
† Electronic supplementary information (ESI) available: Supplementary data in
the form of a pdf file and an Excel table are available free of charge at the publisher’s site. ‘Supplementary Figures.pdf’ contains additional figures and
detailed figure descriptions. Supplementary Table S1.xlsx contains 5 tables presenting detailed protein expression data. Table A – ‘Protein expression’ contains
a list of all proteins identified/quantified in label-free proteomics experiments;
Table B – ‘IPA analysis’ contains the results of the pathway analysis of diﬀerentially regulated proteins under APAP treatment; Table C – ‘SNO/SOH proteome’
contains the list of all unique, iodoTMT-containing peptides quantified in min.
2 biological replicates. Table D – ‘RedoxDB + dbSNO’ is a summary of the comparative analysis of all identified SNO/SOH proteins and sites with information
deposited in publicly available repositories of cysteine modifications – RedoxDB
and dbSNO. Table E – ‘Table 1_extended’ is an extended version of Table 1 from
the main manuscript. See DOI: 10.1039/c5tx00469a
‡ Present address: Cancer Institute, University College London, Paul O’Gorman
Building, 72 Huntley Street, London, WC1E6DD, UK.
§ These authors contributed equally to this work.
¶ Present address: Cambridge Institute for Medical Research, Wellcome Trust/
MRC Building, Hills Road, Cambridge, CB2 0XY, UK.

This journal is © The Royal Society of Chemistry 2016

Acetaminophen (N-acetyl-p-aminophenol, APAP, paracetamol®) is a popular analgesic used worldwide by people of all
ages. Administered within the recommended doses it is safe
and causes only minimal side eﬀects. However, APAP poisoning accounts for about half of all cases of acute liver failure in
the USA and in Great Britain.1 Despite decades of extensive
research into the toxicity of APAP, very little is actually known
about the hepatocyte’s metabolic response to APAP treatment
at non-toxic (therapeutic) doses.
APAP is mainly metabolized in the liver by phase II conjugating enzymes to nontoxic products (acetaminophen-sulphate
or -glucuronide) or by the phase I cytochrome P450 family of
enzymes (specifically CYP2E1, CYP1A2, and CYP3A4). CYP2E1
in particular has been shown to generate the toxic N-acetylp-benzoquinone imine (NAPQI), a reactive metabolite that
binds to cysteine residues in cellular proteins.2,3 Toxic doses of
APAP lead to saturation of the sulphate and glucuronide pathways and to an increased production of NAPQI. This leads to
glutathione (GSH) depletion, and the NAPQI is thought to
cause hepatotoxicity by forming acetaminophen–protein
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adducts.4 N-Acetylcysteine treatment can prevent or limit liver
injury by restoring hepatic GSH concentrations.4
Thus, while earlier research suggested that NAPQI and its
protein adducts gave rise to hepatotoxicity and that glutathione
(GSH) had a protective role, recent research has shown that
low levels of these products are formed even after administering therapeutic doses (4 g daily) to trial participants.5 At these
therapeutic APAP doses, cytosolic NADPH:quinone oxidoreductase 1 (NQO1) is strongly upregulated6 and detoxifies NAPQI
by reducing the quinone to hydroquinone (using NADPH in
the process).7 At the same time NAPQI is rapidly and irreversibly conjugated with GSH.8 Currently, it is considered that
excess NAPQI–protein adducts cause mitochondrial oxidative
stress. Increasing levels of NAPQI stimulate reactive metabolite
formation (e.g. Reactive Oxygen Species, ROS), which induces
structural alterations in mitochondrial proteins and DNA.
At high stress levels this causes a loss of mitochondrial
membrane potential, cessation of ATP synthesis and an
initiation of cell death. The release of cytochrome C and other
proapoptotic factors promotes caspase activation and apoptotic cell death.9
In view of the role played by reactive metabolites, we analysed protein oxidation in order to probe deeper into the
eﬀects of APAP treatment. Superoxide (O2•−) is a known byproduct of NAPQI metabolism. Its neutralisation by intracellular antioxidant systems leads to the formation of hydrogen peroxide (H2O2) and peroxynitrite (ONOO−),9 both of which are
capable of modifying proteins. Cysteine thiols are highly susceptible to oxidation by these species and can form e.g. S-sulfenic acid (SOH) and/or S-nitrosothiol (SNO).
SOH is predominantly generated by the spontaneous reaction of cysteines with H2O2. SOH is highly reactive and shortlived and may be irreversibly oxidised to sulfinic (SO2H) and
sulfonic acid (SO3H). Therefore SOH is a marker of oxidative
stress-related damage.10
SNO is formed by either the direct interaction of cysteines
with nitrogen species e.g. peroxynitrite or results from transnitrosylation (the transfer of the nitroso group from S-nitrosylated small molecules or proteins). SNO modification can
alter enzyme activity and protein–protein interactions, mediate
protein localisation and alter protein stability.11
SNO and SOH are well recognised for their role in the regulation of protein activity and protein–protein interaction and
thereby provide an additional avenue for intracellular signalling.12 Therefore we have re-investigated the APAP mode of
action using a recently developed mass spectrometry-based
SNO/SOH TMT method.13 This approach enables site-specific
quantitation of SNO and SOH simultaneously, with concurrent
correction of modification levels by protein abundance
changes. The sensitivity of SNO/SOH TMT allows the detection
of endogenous oxidation levels of the individual proteins.13
Understanding the molecular response to APAP treatment
needs to be investigated in models relevant to human pathophysiology. Cell lines derived from human hepatocellular carcinomas are an inexpensive and reproducible source of
essentially unlimited amounts of material for study. However,
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HepG2 and its daughter strain HepG2/C3A (hereafter denoted
C3A) are generally regarded as poor models for
hepatotoxicology.14–16 This perception is based on the use of
cell culture techniques that disfavour the cellular expression of
functions seen in vivo. When grown as 3D spheroids, and
without using special media, growth factors or other chemicals
(e.g. DMSO), C3A restore, over an 18 day period, cholesterol,
urea, ATP, glycogen production and growth rates seen in vivo.17
Ramaiahgari et al. obtained very similar results using the
closely related HepG2 cell line cultivated in Matrigel under 3D
conditions, where they showed increased expression of
albumin, xenobiotic transcription factors, phase I and II drug
metabolism enzymes and transporters.18 The hepatic features
recovered by growing cells in various types of 3D culture
systems have been reviewed recently.19,20 These metabolic features are stable for at least 24 days.17,18 C3A 3D spheroids
retain epigenetic markers that are seen in the liver but lost
when the C3A cells are cultivated under 2D conditions.21 This
recovery of physiological performance when grown in 3D is not
limited to HepG2 but is also seen with other cell lines, for
example, HepRG22 and many other cell types (reviewed in ref.
17 and 23). Most importantly, indirect comparison of LD50
values for in vitro and in vivo toxicity showed that data from
C3A spheroids correlated better with in vivo observations than
did studies using traditional two dimensional cultures of
primary human hepatocytes (for 5 commonly used drugs
including APAP).24
We hypothesise that the redox imbalance triggered by
APAP metabolism would alter levels of SNO and SOH protein
modifications. Many of these types of protein modifications
are transient and could be involved in rapidly regulating
the cellular non-hormonal intracrine signalling and response
to APAP.

Materials and methods
Materials
HepG2/C3A were obtained from American Type Culture Collection (cat. no. CRL10741, the third passage after receipt from
ATCC, Manassas, Virginia). D-MEM (1 g glucose per L), nonessential amino acids, penicillin/streptomycin, GlutaMAX,
Trypsin/EDTA, and 0.4% trypan blue were all purchased from
Gibco (Carlsbad, California); AggreWell™ 400 plates (Stemcell
Technologies (Grenoble, France)) cell culture bioreactors (MC2
Biotek (Hørsholm, Denmark)), opaque microtitre plates (Nunc,
Roskilde, Denmark; cat. no. 165306), and CellTiter-Glo luminescent cell viability assay (Promega, Fitchburg, WI). iodoTMT™
tags, immobilised and unbound anti-TMT™ antibody, Trisbuﬀered saline (TBS), tris(2-carboxyethyl)phosphine (TCEP),
TMT-Elution Buﬀer, Pierce Screw Cup Spin Columns, Zeba
Spin desalting columns and BCA assay were from Thermo
Scientific. FCS (foetal calf serum), Acetaminophen (APAP) and
the remaining chemicals were from Sigma Aldrich. All solvents
were of analytical or higher grade.
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For all reagents, the final concentrations are reported, unless
stated otherwise. All steps from oxidation induction to quenching after iodoTMT™ labelling were performed under minimal
light exposure.
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3D cell culture
The C3A spheroids were prepared as previously described.17
Briefly, C3A cell spheroids were prepared using AggreWell™
400 plates (Stemcell Technologies cat. no. 27845). Spheroids
were cultured in microgravity bioreactors (MC2 Biotek,
Hørsholm, cat. no. 010), the humidity chamber was filled with
distilled sterile water, and the growth chamber was prewetted
with growth medium for 24 h before use by rotation in the
incubator. Bioreactors were turned at appropriate speeds using
the 16 axel BioArray Matrix drive BAM v4 (CelVivo, Blommenslyst). Spheroids were detached from the AggreWell™ plates,
visually selected, placed in the microgravity bioreactors and
cultivated in DMEM (1 g glucose per L) at 37 °C, 5% CO2, 95%
air for a minimum of 21 days, exchanging the medium every
two to three days.
APAP treatment
In vivo studies are usually defined by grams of the compound
per kilogram (kg) body weight of the organism. In the laboratory, since it would be diﬃcult to weigh the cells, a convenient
equivalent is milligrams of compound per milligram of total
soluble cellular protein present. Assuming that in a 70 kg
adult, the liver weighs 1.5 kg (ref. 25) and contains 0.5 kg
blood,26 then by assuming that 60% of the liver is hepatocytes
and that each cell contains 18% by weight protein,27 it is possible to calculate that the liver contains 108 g hepatocyte proteins. Since the recommended dose for APAP is 4 g per day
and that 100% of the dose reaches the liver after
50 minutes,28,29 this gives a physiologically relevant dose of
0.03 mg APAP per mg hepatocyte protein. A 21 day old spheroid has an average volume of 0.5 µL and contains 21.31 µg
protein. Since 150 spheroids were used in each 10 ml bioreactor, 5 mg APAP dissolved directly into 10 mL D-MEM
growth medium at 37 °C (bioreactor volume) provides an equivalent dose to the recommended dose in vivo.
The following APAP final concentrations were used: 0, 2.5,
5, 10 and 20 mg APAP per mg cellular protein (referred to as
mg mg−1). For the time-course experiment, mature C3A spheroids were treated with repetitive doses of APAP at 0, 48, 96,
144, 192 and 240 h, i.e. providing fresh APAP at the same time
for each medium change. All treatments and controls were performed in duplicate (two 10 ml bioreactors were used for each
treatment point).
Because the plasma half-life of paracetamol is 1.5–2.5 h
(ref. 28) it was decided to collect samples immediately before
and two, four and 24 hours after APAP treatment. Combining
this sampling regimen with the 48 h media-exchange protocol
resulted in samples being collected at 0, 2, 4, 24, 48, 50, 52, 72,
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96, 98, 100, 120, 144, 146, 148, 168, 192, 194, 196, 216, 240,
242 and 244 h.
ATP assay
The ATP production rate was used to measure viability of both
control and APAP-treated spheroids as previously described.24
Briefly, spheroids (usually 2 spheroids per sample) were collected at 2, 4, 24, 48, 72, 96, 120, 144, 168, 196, 216 and 240 h.
Cell viability was measured using the Cell-Titer-Glo luminescent cell viability assay (Promega, cat. no. G7571). The experiment was carried out in triplicate. The ATP content of the
spheroids was normalised with reference to a standard curve
for ATP, the untreated control and the amount of cellular
protein present.
Protein determination in spheroids
The amount of protein present in each sample was determined
using the fluorescence-based ProStain Protein Quantification
Kit (Active Motif Inc., cat. no. 15001) as previously described.17
Time-course analysis of global oxidation changes in C3A
spheroids upon APAP treatment
Both reversible and irreversible oxidations were measured
using western blot. Reversible cysteine oxidations, SNO and
SOH were detected after iodoTMT™ zero labelling. Protein
carbonylation was detected after derivatization with 2,4-dinitrophenylhydrazine (DNPH).
Each bioreactor vessel contained exactly 150 spheroids. The
treatment dose was 0, 2.5 and 5 mg APAP per mg cellular
protein. 30 spheroids from each treatment group were
sampled at 24, 48, 96 and 144 h, and washed twice with warm
HANKS and once with PBS, allowing the spheroids to sediment
naturally to the bottom of the tube each time. Washed spheroids were lysed in a lysis/free-thiol blocking buﬀer containing
150 mM HEPES, pH 7.3, 1 mM EDTA, 0.1 mM neocuproine,
2% SDS, and 50 mM MMTS.
For SNO/SOH analysis all the steps from lysis/blocking until
western blot detection and visualization were performed as
previously described.13 For carbonylation analysis, DNPH derivatisation and detection were performed using the OxyBlot™
kit (Merck Millipore) as previously described.30 Density analysis was performed using Image Studio Lite v. 3.1 (LI-COR Biosciences) as previously described.30 Briefly, the optical density
of each lane was normalised to the averaged total density of all
the lanes on the gel and expressed as percentage of the optical
density. At each treatment time point the data were normalised
to the control. Statistical analysis of the density data was performed using one-way ANOVA ( p < 0.05) and the t-test ( p <
0.05) built in the Microsoft Excel 2010 package.
IodoTMT™-6plex labelling
The SNO/SOH TMT strategy utilising iodoTMT™-6plex
reagents was used for the analysis of APAP-treated C3A spheroids as previously described.13
6 bioreactors containing 150 spheroids each (approx. 4 mg
protein) were used for experiments. Cells in 3 bioreactors were
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treated with 5 mg APAP per mg cellular protein for 48 h and the
other 3 bioreactors were used as control samples (triplicate biological replicates). After treatment, spheroids were washed twice
with HANKS and once with PBS. Both the control and treated
spheroids were resuspended in lysis/blocking buﬀer and were
lysed by sonication. All the steps from lysis/blocking until antiTMT™ enrichment and sample clean up were essentially the
same as previously described.13 Several minor alterations were
applied for improvement. To maximise the eﬃciency of free
thiol blocking, 6 ml of lysis/blocking buﬀer were used for lysis.
The samples were sonicated using 6 rounds of 20 s ON/5 s OFF
at an amplitude of 50% in a tip sonicator (Q500, Qsonica). After
acetone precipitation, protein pellets were washed 4 times with
ice cold acetone before re-suspension in AENS buﬀer (50 mM
AMBI, pH 8, 1 mM EDTA, 0.1 mM neocuproine, 2% SDS) to
maximise removal of unbound MMTS.
nLC MSMS analysis
nLC MSMS data were acquired using Dionex UltiMate® 3000
Rapid Separation UHPLC interfaced via an Easyspray nanoelectrospray source to an Orbitrap Fusion™ Tribrid™ mass
spectrometer (Thermo Scientific). The trapping column was
100 µm ID, 2 cm long, packed with 5 µm reverse phase
C18 material (Reprosil, Dr Maisch, Germany). The analytical
column was a Thermo Scientific Easyspray column of 75 µm
ID, 50 cm long, packed with 2 µm C18 particles. The loading
solvent was 0.1% trifluoroacetic acid (TFA), analytical solvents
A and B were 0.1% formic acid (FA) in water and 0.1% FA in
acetonitrile (ACN). All separations were carried out at 50 °C.
Samples were re-suspended in 1% TFA, 5% DMSO and loaded
onto the trap column at 10 µl min−1 for 5 min. Peptides were
eluted onto and separated over the analytical column with the
linear gradient of solvent B (2–35%) for 90 min. An accelerating voltage of 2.1 kV was applied for electrospray. The quadrupole isolation width was set at 1.6 Da. MS1 scans in the m/z
range 300–1200 were acquired in the Orbitrap with 120 000
resolution at an AGC target of 5E5 and a maximum injection
time of 60 ms. Tandem mass spectra were acquired in top
speed mode with the cycle time set at 3 seconds at a normalised collision energy (NCE) of 38. MS2 spectra were acquired in
the Orbitrap at 30 000 resolution, an AGC target of 2E4 and a
maximum filling time of 65 ms. Dynamic exclusion was set at
45 s. Each biological replicate was analysed with duplicate
injections (technical replicates).
Database search
MS data were searched against the UniProt human proteome
(40 779 entries, July 2, 2014) with common contaminants from
MaxQuant (231 entries) using the Mascot server from within
Proteome Discoverer version 1.4. The following search parameters were used: enzyme – trypsin; 2 missed cleavages; precursor mass tolerance – 10 ppm; and fragment mass tolerance
– 20 mmu; variable modifications were – iodoTMT™ (Cys),
carbamidomethylation (Cys) and oxidation (Met). For each biological replicate, search results from the 2 technical replicates
were merged together. Duplicate features ( peptide sequence +
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modification) were removed based on descending ion score
values.
Normalisation and significance analysis of redox proteomics data
Ratios of respective reporter ion intensities (127/126, 129/128
and 131/130) were log 2 transformed and normalised to their
median value. Normalised SNO (129/128) and SOH (131/130)
ratios were corrected by the corresponding ratios of total
cysteines (127/126). Rank-based selection criteria were used to
identify SNO/SOH sites that change significantly between the
control and APAP treatment. The most stringent (rank 1) was a
2 sigma approach, which implies that the changes in individual SNO/SOH levels, corrected by changes in protein abundance levels, are more than two times the standard deviation
for the particular modification subset, e.g. SNO. Peptides with
2 sigma values for a minimum of 2 biological replicates were
included in rank 1 group.
Peptides with a SNO and/or SOH fold change equal to or
greater than ±1.5 (log 2 ± 0.585) when observed in at least 2
biological replicates were selected as rank 2 peptides. Rank 2
proteins/peptides were predominantly used as additional evidence to support biological processes revealed by the rank
1 group (2 sigma analysis). Peptides with SNO/SOH quantitative values from APAP treatment only were selected as candidates for rank 3. Selection required that the respective reporter
ions (129 for SNO and 131 for SOH) were present in at least 2
biological replicates at an intensity ≥1000.
We have quantified 8 iodoTMT™-containing peptides (11
SNO/SOH sites) from 8 proteins which fall in rank 1 (>2 sigma)
for quantitative abundance change between control and APAPtreated spheroids. For instance, for the fatty acid synthase
(FASN) the SNO levels of C1448 and C1459 were above 2 sigma
in all 3 biological replicates. Rank 2 (>1.5-fold change) selected
41 SNO and/or SOH modified peptides. For one protein (EEF2)
we found a rank 2 peptide additional to those found in the
rank 1 subset. The remaining rank 2 peptides represented a
further 40 modified proteins. Finally, the rank 3 group
included 13 unique iodoTMT™-containing peptides (21 SNO
and/or SOH sites) from 13 proteins. Altogether, we quantified
61 APAP sensitive SNO/SOH proteins.
Modification assignment
Modification (SNO, SOH, SNO + SOH) was considered present
if respective ratios were available for at least 2 of the 3 biological replicates.
Label-free quantitative proteomics
A fraction of MMTS-blocked protein samples in AENS, from
each iodoTMT™-6plex experiment, was used for the label-free
analysis. Both the control and APAP treated samples (200 µg
protein per condition) were digested on a filter using sodium
deoxycholate (SDC)31 as previously described.13 After digestion,
peptides were recovered by centrifugation (14 000g, 5 min) and
SDC was removed by precipitation with TFA and phase transfer
into ethyl acetate.32
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nLC MSMS analysis and database search were performed as
for the iodoTMT™-6plex experiment, with few modifications.
For MS2, fragment ions were acquired in the ion trap using a
rapid mode with an AGC target of 5E3 ions, a maximum
injection time of 35 ms and the NCE of 32. In the database
search, fragment mass tolerance was 0.6 Da, cysteine
carbamidomethylation was used as a fixed modification and
methionine oxidation as a variable modification. Quantitative
information from label-free experiments was retrieved from
nLC MSMS data using the chromatographic alignment feature
within Progenesis LC MS (Nonlinear Dynamics) as previously
described.13 Significance analysis was performed using the
ANOVA test built into Progenesis LC MS software. Proteins
with at least 3 quantified peptides and ANOVA significance
value p ≤ 0.01 were considered significant.
Data availability
The mass spectrometry proteomics data have been deposited
in the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD003587.
Functional and gene ontology (GO) analyses
String (Search Tool for the Retrieval of Interacting Genes/Proteins, v. 9.1) was used to generate functional networks of all
the mapped SNO/SOH proteins.33 The following parameters
were used: a confidence score of 0.900, no text mining and no
disconnected proteins. Proteins were manually assigned to biological processes and/or molecular functions based on UniProt
annotations. Ingenuity® Knowledge Base (v. 21249400) was
used in functional analysis of diﬀerentially expressed proteins
(from label-free analysis) and diﬀerentially regulated SNO/SOH
proteins. A GO enrichment analysis was performed using
GOrilla.34 The reference dataset used consisted of all the proteins identified in label-free proteomics analysis (n = 3). The
significance, p-value threshold was p < 0.001. Reported
p-values are enrichment probability values corrected (multiplied) by the number of tested GO terms (7530 for process and
1034 for component analyses).

Results
The major objective of this study was to characterise the cellular response to APAP treatment using doses comparable to the
recommended doses used in vivo (i.e. therapeutic doses at
which the drug-induced changes are reversible). To do this, we
studied the APAP-induced changes in the redox proteome of
C3A spheroids. This in vitro model has been shown to be
stable (on the basis of gene expression, protein abundance
and physiological performance) over at least 24 days35 and provides a faithful reflection of in vivo toxicology.24 We measured
simultaneously both the changes in abundance of proteins
and the changes in their SNO/SOH PTMs. The experimental
workflow is illustrated in ESI Fig. S1.†
Time-course experiments measuring cellular ATP levels and
global changes in protein SOH, SNO and carbonylation were
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initially performed to establish the optimal treatment conditions to be used in the analysis of the C3A redox proteome.13
Redox balance and cell viability upon APAP treatment
The viability of C3A spheroids following APAP treatment was
measured by ATP production.36 Similar results were obtained
by measuring adenylate kinase (ref. 17 and data not shown).
The in vivo recommended dose of 4 g per day for an adult
corresponds to an in vitro treatment dose of 5 milligrams APAP
per milligram cellular hepatic soluble protein (mg mg−1). The
analysis was therefore performed using 0, 2.5, 5, 10 and 20 mg
APAP per mg. Treatment was carried out every 48 h (Fig. 1a)
and ATP levels were measured every 24 h for 10 days.
For the lower APAP doses (2.5 and 5 mg mg−1), we observed
fluctuations in the ATP levels over time, characterised by slight
drops immediately after treatment followed by recoveries,
showing intensified ATP production from 24 to 48 h after treatment as the cell presumably repairs the damage done (Fig. 1a).
The overall cell viability was not aﬀected throughout the treatment period and ATP levels returned to baseline levels in the
absence of further APAP treatment. Contrary to this, at higher
APAP doses (10 and 20 mg mg−1) ATP production diminished
greatly, indicating the onset of cytotoxicity and lethality. Since
the goal of this study was to focus on the eﬀects of physiological doses of APAP, the doses of 10 and 20 mg APAP per mg
cellular protein were excluded from subsequent analyses.
As the next step in defining the optimal conditions for the
study, we analysed the overall redox homeostasis using 2.5 and
5 mg APAP per mg cellular protein at the time points 24, 48,
96 and 144 h. Changes in protein oxidation were monitored by
SNO and SOH TMT western blot (showing reversible protein
oxidation, Fig. 1b and c respectively) and carbonyl western blot
assay (irreversible protein oxidation, Fig. 1d). Our results show
that both doses induce a progressive accumulation of SNO
modification over time, which apparently peaked at about 96 h
(Fig. 1b). This was surprising considering that the biological
half-life of APAP is only 2 h. A similar trend of progressive
accumulation was also observed for SOH (even though the
magnitude of changes was considerably lower). Significant
diﬀerences in SNO levels were detected after 48 h of treatment
with 2.5 and 5 mg of APAP (Fig. 1b). SOH levels also changed
significantly after 144 h of treatment with 2.5 mg APAP and
after 96 h and 144 h in 5 mg of APAP (Fig. 1c). Interestingly, at
2.5 mg mg−1 the accumulation of SOH was lower and the oxidation levels did not appear to saturate, even after 144 h
(Fig. 1c).
The largest, simultaneous increase in SNO and SOH levels
was observed at 96 h after cell treatment with 5 mg APAP per mg
cellular protein. However, at this point, cell activity was already
aﬀected as indicated by the strong increase in ATP production
(Fig. 1a). At 5 mg mg−1 after 48 h there was only a minimal
eﬀect on ATP production and essentially no observed increase
in the irreversible protein carbonylation levels (Fig. 1a and d).
Under these conditions increases in both SNO and SOH levels
were observed. Therefore, this treatment (5 mg APAP per mg cellular proteins for 48 h) was used for all subsequent experiments.
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Fig. 1 Time-course analysis of protein oxidation changes in C3A spheroids upon APAP treatment. Cell viability was accessed by the ATP production
assay (a). The analysis, for 4 diﬀerent APAP doses, was performed over 10 days with measurements taken every 24 h. Due to the signiﬁcantly
increased cytotoxicity, doses 10 and 20 mg APAP per mg soluble cellular proteins (mg mg−1) were excluded from subsequent analyses of protein
oxidation changes. APAP-induced changes in reversible cysteine modiﬁcations, S-nitrosylation (b) and S-sulfenylation (c) were determined using
iodoTMT™-zero labelling and western blot detection with anti-TMT™ antibody. (d) Protein carbonylation was measured after DNPH derivatisation
and western blot detection with anti-DNPH antibody. Protein oxidation levels were visualised with chemiluminescence and optical density analysis
was performed using Image Studio Lite, v.4.0. Error bars indicate standard error. Signiﬁcant diﬀerences in SNO levels were detected after 48 h treatment with 2.5 and 5 mg of APAP (marked by * in panel b). Levels of SOH were signiﬁcantly changed after 144 h of treatment with 2.5 mg APAP (indicated by * in panel c) and after 96 h and 144 h in 5 mg of APAP concentration (indicated by # in panel c). Statistically signiﬁcant diﬀerences were
calculated using a t-test ( p < 0.05, n = 3).

At that level, 6 consecutive APAP treatments had no eﬀect on
the overall viability of the spheroids during a 10 day treatment
regimen (Fig. 1a).
APAP-induced changes in protein expression
Next we sought to investigate the eﬀect of APAP treatment on
the C3A proteome using label-free quantitative mass spectrometry. In total, 2953 proteins were quantified. There was no
significant change in abundance between control and APAP
treatment for the large majority of proteins detected (Fig. 2).
Only 266 proteins (approx. 9%) showed diﬀerential regulation
(n = 3, ANOVA p ≤ 0.01, minimum fold change 1.2). In
response to APAP treatment, 164 proteins increased in abun-
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dance, while the remaining 102 decreased in abundance (a list
of all the quantified proteins is provided in ESI Table S1A†).
Ingenuity® Pathway Analysis revealed that the energetic
balance of the cells was significantly aﬀected by APAP treatment as indicated by the increased abundance of enzymes
belonging to the pentose phosphate pathway (ESI Table S1B†).
In addition, there was a significant decrease of several
enzymes belonging to the EIF2 signalling pathway (including 9
ribosomal proteins and 5 translation initiation factors,
suggesting that APAP treatment aﬀected protein synthesis); an
increase in several proteins involved in the NRF2-mediated oxidative stress response pathway and an increase in the abundance of three glutathione S-transferases GSTT1, GSTK1,
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Fig. 2 A volcano plot representing proteins changed in abundance
after treatment with 5 mg APAP per mg cellular protein for 48 h. The
signiﬁcance cut-oﬀ was set at p < 0.01 (ANOVA test), and the biological
cut-oﬀ was set to a fold change of ±1.2 fold. Colours are used to represent insigniﬁcant proteins (grey), both biologically and statistically signiﬁcant proteins being up-regulated (red) and down-regulated (green).

GSTM3 and the related GGH (1.53, 1.20, 1.49 and 1.32 fold
respectively). The observed protein abundance changes illustrate activation of antioxidant machinery and increased energy
production that are both required to neutralise the eﬀects of
APAP treatment.
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Fig. 3 SNO/SOH proteome of C3A spheroids under control and APAP
treatment (5 mg APAP per mg cellular protein for 48 h). (a) Overlap
between SNO (dark grey) and SOH (white) sites identiﬁed in C3A spheroids under basal conditions. (b) APAP-sensitive SNO/SOH sites were
selected with rank-based criteria, as deﬁned in the Materials and
methods section.

Table S1D†). Thus, this study is the most comprehensive
inventory of SNO/SOH sites and proteins observed in human
hepatocarcinoma cells to date. These SNO/SOH modified proteins were used as a baseline for APAP treatment studies.

Redox proteome map of C3A spheroids
Prior to APAP treatment, we had mapped the SNO/SOH posttranslational protein modifications in C3A spheroids.
Altogether, we have identified 887 unique, iodoTMT™ containing peptides with SNO, SOH or both modifications (listed in
ESI Table S1C†). These peptides correspond to 996 modification sites on 569 diﬀerent proteins. The majority of modification sites were identified with both SNO and SOH
modifications (Fig. 3a). Concurring with the western blot analysis, the relative abundance of SNO was on average higher
than that of the corresponding SOH (ESI Fig. S2 and S3†).
The identified SNO/SOH proteins in the C3A proteome
belong to basic molecular pathways, e.g. protein synthesis and
degradation, fatty acid metabolism and glycolysis/gluconeogenesis, as illustrated in ESI Fig. S4.†
Taking into account known SNO/SOH modifications from
the curated databases RedoxDB37 and dbSNO,38 our study has
identified 737 SNO and 695 SOH novel sites corresponding to
479 SNO and 453 SOH modified proteins (ESI Fig. S5 and
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Alterations in SNO and SOH modification levels upon APAP
treatment
Complete quantitative information from SNO/SOH TMT analysis was used to determine APAP sensitive SNO and/or SOH
sites within oxidised proteins (ESI Table S1E†).
Considering all unique iodoTMT™-containing peptides,
the average SNO occupancy in the control was 1.55% ±0.20
increasing to 2.00% ±0.43 following APAP treatment. For SOH,
the average occupancy in the control was 0.56% ±0.15 and this
was unchanged following APAP treatment (0.57% ±0.16, ESI
Table S1C†). There was no correlation between the changes in
protein modification levels and the percentage of site occupancy (ESI Fig. S6†).
To identify the APAP sensitive sites, we applied rank-based
selection criteria (Fig. 3b and Table 1). ESI Table S1E† contains
an extended version of Table 1; annotated MSMS spectra and
assigned ion series masses of all modified peptides are available in ESI Fig. S8†.
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Table 1 Functional grouping of proteins containing cysteines modiﬁed by SNO and/or SOH and regulated upon APAP treatment. An extended table
is available in ESI Table S1
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UniProt
Accession

Protein name (UniProt)

RNA and mRNA processing
Q00839
Heterogeneous nuclear ribonucleoprotein U
P42704
Leucine-rich PPR motif-containing protein,
Q9GZT3
SRA stem–loop-interacting RNA-binding protein
P55769
NHP2-like protein 1
Protein synthesis
P13639
Elongation factor 2
P13639
Elongation factor 2
P41250
Glycine–tRNA ligase
P41252
Isoleucine–tRNA ligase
P55884
Eukaryotic translation initiation factor 3 subunit B
P23396
40S ribosomal protein S3
P62280
40S ribosomal protein S11
P36578
60S ribosomal protein L4
P30050
60S ribosomal protein L12
P62888
60S ribosomal protein L30
Q9Y6G3
39S ribosomal protein L42
Protein folding and traﬃcking
Q9Y3B3
Transmembrane emp24 domain-containing protein 7
P55735
Protein SEC13 homolog
P78371
T-complex protein 1 subunit beta
P55145
Mesencephalic astrocyte-derived neurotrophic factor
Lipid metabolism
P49327
Fatty acid synthase
Q8NBQ5
Estradiol 17-beta-dehydrogenase 11
P14324
Farnesyl pyrophosphate synthase
O95573
Long-chain-fatty-acid–CoA ligase 3
O60488
Long-chain-fatty-acid–CoA ligase 4
P37268
Squalene synthase
WNT signalling
Q9HB71
Calcyclin-binding protein
Q9GZS3
WD repeat-containing protein 61
P35222
Catenin beta-1
Q86VP6
Cullin-associated NEDD8-dissociated protein 1
P63244
Guanine nucleotide-binding protein subunit beta-2-like 1
Q9UK22
F-box only protein 2
P63208
S-phase kinase-associated protein 1

Gene name
(primary)

Primary cellular
location(s)a

HNRNPU
LRPPRC
SLIRP
NHP2L1

Nucl
Nucl/Mito
Mito
Nucleolus

EEF2
EEF2
GARS
IARS
EIF3B
RPS3
RPS11
RPL4
RPL12
RPL30
MRPL42

SNO/SOH
siteb

Rankc

SNOd

607
130
48
30

1
2
2
2

Up
Up

Cyto
Cyto
Cyto/Mito
Cyto
Cyto
Cyto
Cyto
Cyto
Cyto
Cyto
Mito

290
369
461
336
302
134
116
250
162
52
45

1
2
3
1
2
3
2
2
3
2
2

TMED7
SEC13
CCT2
MANF

ER/Cyto/Golgi
ER/Cyto/Golgi
Cyto
Secretory

59; 75
234
412
151

1
2
1
2

Up
Up

FASN
HSD17B11
FDPS
ACSL3
ACSL4
FDFT1

Cyto/Golgi
Cyto/Secretory
Cyto/Mito/Nucl
Mito/Perox/ER
Mito/Perox/ER
ER

1448; 1459
215; 217
333, 340
450
221
147

1
1
3
2
2
2

Up
Up
Up

CACYBP
WDR61
CTNNB1
CAND1
GNB2L1
FBXO2
SKP1

Nucl/Cyto
Nucl/Cyto
Cyto/Nucl
Cyto/Nucl
Cyto
Cyto
Cyto

2
1
2
2
2
2
2

Up

154
303
520
237
168
71
120

SOHd
Up
Down

Up
Up
Up
Down
Up
Up
Up
Up
Up
Up
Down

Down
Down

Up
Up
Down
Up
Up
Up
Up
Down

Down
Down

a
Primary cellular location(s) according to UniProt: cyto, cytoplasm or cytosol; nucl, nuclear; mito, mitochondrial; ER, endoplasmic reticulum;
Golgi, golgi apparatus; perox, peroxisome; secretory, secreted, vesicles, extracellular matrix. b SNO/SOH site – amino acid number within the
protein sequence that has been modified by SNO and/or SOH. c Rank – criteria used to select proteins with significant changes in the SNO and/
or SOH modification levels upon APAP treatment were as follows: 1 – peptides with 2 sigma values for a minimum of 2 biological replicates; 2 –
peptides with SNO and/or SOH fold change equal to or beyond ±1.5 (log 2 ± 0.585) if observed in a minimum of 2 biological replicates; 3 –
peptides that contained only reporter ions corresponding to samples treated with APAP, the respective reporter ions (129 for SNO and 131 for
SOH) were present in min. 2 biological replicates at an intensity ≥1000. d SNO and SOH – regulation trend observed in quantitative redox
proteomics experiments for the particular modification type, up/down – modification abundance increased/decreased in cells treated with APAP.

Significance analysis revealed that less than 10% of all the
quantified iodoTMT™-containing peptides were diﬀerentially
S-nitrosylated and/or S-sulfenylated as a result of APAP treatment. Gene Ontology (GO) annotation enrichment analysis
strongly points to the cytosol/cytoplasm as the most significantly enriched cellular localisation (GO: 0005829; p = 1.09 ×
10−7), while the most heavily overrepresented group was proteins present in extracellular organelles e.g. extracellular membrane vesicles (GO: 0043230; p = 1.64 × 10−27). The latter group
contained liver-specific proteins such as prothrombin (F2),
fibronectin (FN1) and alpha-fetoprotein (AFP). In AFP, 8 SNO/
SOH sites were identified, all of which are canonically involved
in intrinsic disulfide bonds. The primary functional Gene
Ontologies for rank 1 peptides were: RNA and mRNA processing, protein synthesis, protein folding and traﬃcking, lipid
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metabolism and canonical Wnt/β-catenin signalling pathway,
as annotated in UniProt (Table 1).
Protein synthesis was the largest and the most diverse
group aﬀected, comprising 14 proteins (16 SNO/SOH sites).
They covered a range of associated processes from RNA
binding to ribosomal translation, protein folding and transport (Fig. 4a). In particular, the protein translation machinery
was highly represented, containing 10 modified proteins
(Table 1). In general, there was an increase in abundance of
both SNO and SOH. The exceptions were NHP2-like protein 1
(NHP2L1), the cytoplasmic isoleucine–tRNA ligase (IARS) and
the T-complex protein 1 subunit beta (CCT2) for which we
observed a decrease in SOH abundance.
The canonical Wnt/β-catenin signalling pathway was also
highly represented with 7 diﬀerentially modified proteins
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Fig. 4 APAP-sensitive proteins related to protein synthesis (a). Proteins with cysteine SNO/SOH levels changed signiﬁcantly between APAP treatment and control were used to map out the pathway based on manual inspection of UniProt annotations. Proteins are represented by their respective gene names. Changes in cysteine oxidations are marked with arrows. N – S-nitrosylation, S – S-sulfenylation, ↑ – min. 1.5-fold increase in
abundance, ↓ – min. 1.5 decrease in abundance. I and G are abbreviations of amino acids, isoleucine and glycine respectively. The corresponding
data on protein expression and SNO/SOH modiﬁcation levels are provided in ESI Table S1.† APAP-sensitive proteins from the canonical Wnt/
β-catenin signalling pathway (b). Proteins with cysteine SNO/SOH levels changed signiﬁcantly between APAP treatment and control were used to
map out the pathway based on manual inspection of UniProt annotations. Proteins are represented by their gene names. Changes in cysteine
oxidations are marked with arrows. N – S-nitrosylation, S – S-sulfenylation, ↑ – min. 1.5-fold increase in abundance, ↓ – min. 1.5 decrease in
abundance. Alternative routes of Wnt/β-catenin signal transduction are marked with dashed arrows. Protein names marked with arrows indicate
proteins up (↑) or down (↓) regulated under APAP treatment. SCF – Skp, cullin, F-box containing complex (multiprotein E3 ubiquitin ligase complex);
Ub – ubiquitination; PAF1C – RNA Polymerase-associated factor 1 complex. The corresponding data on protein expression and SNO/SOH modiﬁcation levels are provided in ESI Table S1.†

(Table 1). One of these was from rank 1 (SOH-peptide from
WD repeat-containing protein 61 (WDR61)) while the other 6
proteins were rank 2 selected peptides. Of the latter group, 4
proteins were from the SCF (SKP1-CUL1-F-box protein) E3 ubiquitin ligase complex (Fig. 4b).
Six proteins involved in lipid synthesis and metabolism
were also diﬀerentially modified (Table 1). All but one exhibited a significant increase in SNO/SOH levels upon APAP treatment, and this exception was squalene synthase (FDFT1). Two
of the proteins bearing increased modification levels (FASN
and FDFT1) require NADPH for their function.
In addition to the above functional groups, proteins modified upon APAP treatment were involved in glycolysis, gluconeogenesis, DNA damage and stress response. The list is
provided in ESI Table S1B.†
The levels of SNO and SOH were decreased for 9 and 11 proteins respectively upon APAP treatment (ESI Table S1E†). This
unexpected finding can be explained by the fact that cysteines
oxidised to SNO or SOH can also become further oxidised to
sulfinic (SO2H) and sulfonic acid (SO3H), indicators of severe,
irreversible oxidation of proteins. These modifications cannot
be detected by the SNO/SOH TMT method, but may contribute
to the decreased signal of SNO or SOH.
Cellular location of SNO/SOH modified proteins
In untreated control cells, SNO/SOH modified proteins are
found distributed throughout the cell with no particular localisation being over- or under-represented (according to GO
enrichment analysis, data not shown). However, after APAP
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treatment, the majority of proteins that show changes in SNO
and/or SOH levels were found to be localised to the cytoplasm
and endoplasmic reticulum (23 and 5 respectively), mitochondria (7) and nucleus (8) (Table 1). In addition, a number of
diﬀerentially modified proteins were identified as proteins
bound for secretion e.g. estradiol 17-beta-dehydrogenase 11
(HSD17B11). Please see ESI Fig. S7 and Table S1E† for more
details.
Site occupancy
The quantitative information obtained from SNO/SOH TMT
analysis can also be used to estimate the levels of relative
modification site occupancy (the fraction of the residue occupied by the identified modification).13 Such levels are considered to reflect important biological functions of SNO and
SOH.39 For example, modification site occupancy defines levels
of protection against irreversible oxidation or enzyme activity.11
In our study, site occupancy diﬀers considerably from
protein to protein (a complete list of site occupancy values for
all SNO/SOH proteins is presented in ESI Table S1C†).
In addition to examining the APAP-induced diﬀerentially
modified cysteines, sites exhibiting high site occupancy were
also considered. The cysteine site C880 from POTEJ (POTE
ankyrin domain family member J) was the site with the
highest oxidation occupancy upon APAP treatment for both
modifications: 8.6 ±2.2% was SNO modified and a further
10.6 ±2.4% was SOH modified (Fig. 5a). In other words, almost
a fifth (19.2%) of the C880 site was oxidised. The second most
SNO modified site was C892 of the ribosome binding protein 1
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None of the cellular or extracellular proteins, which show
high site occupancy, was diﬀerentially modified upon APAP
treatment, underlining that the changes in SNO/SOH sites
described above were highly specific.
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Structural features
We observed that some SNO/SOH modified peptides/proteins
share some specific structural features, which suggests that
the SNO and SOH could dramatically impact the protein’s
function. This included both diﬀerentially modified sites
(APAP sensitive) and sites with the highest occupancy (oxidation susceptible). For instance, metal binding was a property
of 20 of the 61 SNO/SOH containing proteins. In one case, the
actual SNO/SOH cysteine was directly involved in metal ion
coordination (C174 in ADH5 – a GSH-dependent formaldehyde
dehydrogenase). This group of 20 metal binding proteins also
included 5 cases where the modified cysteine participated in
disulfide bond formation and thus may interfere with protein
structural integrity40 (ESI Table S1E†).
Finally, two diﬀerent proteins were observed where the
modified cysteine plays a catalytic role: SNO and SOH modifications of the active site C248 from thiosulfate sulfurtransferase (TST) (ProSITE-ProRule annotation) and C35 from
thioredoxin (TXN).41 Interestingly, although SNO and SOH
levels of TXN did not change significantly, both were amongst
those with the highest occupancy (6.1 ±3.6% and 5.2 ±2.1%
respectively).

Discussion
Fig. 5 Proteins with the highest observed levels of relative site occupancy for SNO (a, b and c) and SOH (a, d and e) modiﬁcations in cells
treated with APAP (5 mg APAP per mg cellular protein for 48 h). Average
site occupancy values were calculated for min. 2 biological replicates,
error bars correspond to ±standard deviation. Presented are gene
names corresponding to the following proteins: POTEJ – POTE ankyrin
domain family member J; RRBP1 – ribosome-binding protein 1; G6PD –
glucose-6-phosphate 1-dehydrogenase; TF – serotransferrin; TXN –
thioredoxin. The corresponding data for relative SNO SOH site occupancy levels for all sites and proteins identiﬁed in this study are provided
in ESI Table S1C.†

(RRBP1, located in the endoplasmic reticulum) with 7.2 ±2.3%
SNO occupancy (Fig. 5b). The third most SNO modified site was
C232 from the cytosolic glucose-6-phosphate dehydrogenase
(G6PD) where 6.6 ±4.8% of the site was modified (Fig. 5c).
Amongst S-sulfenylations, C156 from the secretion-destined
sero transferrin (TF) was the second most modified site with
7.4% ±1.9 SOH (Fig. 5d). The C35 site from the antioxidant
thioredoxin (TXN) was the third most abundant SOH site with
5.2% ±2.1 (Fig. 5e).
Within the top 10 SNO/SOH highest occupancy sites, 3 were
extracellular/secreted proteins, the significance of which is
unclear.
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As described in the Introduction, hepatocarcinoma cells grown
in 3D cultures have been shown to structurally, metabolically
and physiologically resemble hepatocytes in the liver (reviewed
in ref. 19, 20 and 23). For this reason, we would postulate that
the response to pharmacological doses of APAP described in
this study should provide a basic description of what occurs
in vivo.
APAP induces mild oxidative stress
In this study, we have used advanced mass spectrometric techniques to quantify global changes in abundance of proteins
and their S-nitrosylation and S-sulfenylation levels in C3A 3D
spheroids after exposure to therapeutic-equivalent doses of
APAP (5 mg APAP per mg total soluble protein) to characterise
the early stage response. C3A spheroids can be repeatedly
treated with this dose regimen without reducing their viability.
Measurements of ATP production illustrated that there was no
significant reduction in ATP levels, suggesting no apparent disturbance of mitochondrial function. There was also no significant irreversible protein damage as determined by carbonyl
western blot but we did observe increasing levels of reversible
SNO and SOH modifications (which peaked after about 96 h).
In general, the proteomic data from both protein abundance and oxidative modification levels indicate a significant,
but mild oxidative insult. The distributions of the changes in
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SNO and SOH modifications were highly specific and occurred
in a number of low abundance proteins. The proteins involved
fit well with existing data describing the eﬀect of APAP on
hepatocytes in vitro and in vivo42–44 and reveal a novel mechanism for signal transduction.
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Metabolism of APAP and the source of oxidative stress
The spatial location of proteins showing APAP-induced
changes in SNO and SOH levels showed that many were found
in the endoplasmic reticulum (ER) and the cytoplasm. Fewer
were found in the mitochondria and nuclei and among proteins destined for secretion (Table 1 and ESI Table S1A and
S1E†).
The localisation of modified proteins to the ER and cytoplasm is consistent with the observation that P450 cytochromes are a known source of reactive species following APAP
treatment.1,45 The reactive species generated are primarily in
the form of H2O2 and peroxinitrite (ONOO−) which are both
known to induce SNO/SOH formation.1 The high reactivity and
short half-life of peroxinitrite combined with its limited ability
to diﬀuse across biological membranes46 contribute to its
highly localised impact. In addition to H2O2 and peroxinitrite,
NAPQI is also produced in the ER and is known to play a
central role in APAP-induced hepatotoxicity.2,3,47
In the ER and cytoplasm, changes were seen in both
protein abundance and oxidative modifications. In general,
their abundance was decreased and they were heavily S-nitrosylated and/or S-sulfenylated. The ER protein, RRBP1, was the
second most SNO modified protein (Fig. 5b). Additionally, two
proteins directly associated with the ER, TMED7 and SEC13
possessed significantly increased SNO levels under APAP treatment (Table 1).
In the cytoplasm, the abundance of all 13 components of
40S ribosome, that were detected, was reduced on average by
1.25-fold (in a remarkably coordinated manner showing a standard deviation (SD) of only ±0.05). The same eﬀect was seen
for all of the 17 detected 60S ribosomal proteins (1.26-fold, SD
±0.07). Revealing a hitherto unexpected specificity, components of the 40S ribosome were diﬀerentially S-sulfenylated
whereas all the identified proteins associated with the 60S
ribosome were S-nitrosylated (ESI Table S1E†). This specificity
can be extended to the initiation factor EIF3B which binds to
and shows the same SOH modification as the small subunit
whereas the elongation factor EEF2 interacts with both subunits and shows both SOH and SNO modifications.
In contrast, the level of SNO modification of the 39S mitochondrial ribosomal protein L42 was decreased. Two examples
of mitochondrial proteins which show increased SOH modification were the long-chain acyl-CoA synthetases 3 and 4
(Table 1). These are both located in the outer mitochondrial
membrane.
Together, the presence of APAP-inducible SNO/SOH modifications predominantly at the ER and associated ribosomes
(assigned cytoplasmic location), as well as the apparent lack of
significant oxidation in mitochondria and nuclei, suggests
that, at least at the physiological doses of APAP used here, the

This journal is © The Royal Society of Chemistry 2016

Paper

source of the APAP-induced reactive species is located in or
close to the ER.
Recovery of the cellular redox balance
The recovery strategy that the cell appears to use in order to
cope with alterations in the intracellular redox balance is to
redirect its energy utilisation. The changes appear to be orchestrated by the Nrf2-mediated response pathway to oxidative
damage and the canonical Wnt/β-catenin signalling pathway.
The Nrf2-mediated response
Despite the fact that therapeutically relevant APAP doses were
used, we observed an increase in the abundance of sixteen proteins involved in the Nrf2 mediated response to oxidative
damage, indicating Nrf2 activation (ESI Table S1†).
In the mouse liver, APAP-induced mild oxidative stress
results in the build-up of Nrf2 and its translocation into the
nucleus, where it functions as a transcription factor.48 Once
activated, Nrf2 has been shown to protect against APAPinduced hepatotoxicity43,49,50 and induce the production of
Mrp3 and Mrp4 transporters, which may expel potentially toxic
chemicals51 and initiate cell regeneration.44
One of the targets of Nrf2, the heterodimer glutamate
cysteine ligase (composed of an enzymatic (GCLC) and a regulatory subunit (GCLM)) catalyzes the first and rate-limiting
step in the production of GSH.49 Abundance of both of these
enzymes was slightly increased (GCLC 1.31 and GCLM 1.15fold). GSH synthase (GSS) catalyzing the second step was
increased by 1.19-fold. Thus these changes in abundance may
be the result of the protective Nrf2 transcription.50,52
Another enzyme HAGH that catalyzes the hydrolysis of
S-D-lactoylglutathione to form GSH and D-lactic acid was also
increased by 1.36-fold. Increases in GSH levels have been seen
from 8 to 48 hours after acute APAP treatment in mice.53
Despite the increases in protein amounts, none of these GSH
synthesis pathway proteins changed their SNO or SOH modification levels, suggesting that their regulation by oxidative
stress occurred by Nrf2 regulating their synthesis.
The reactive APAP metabolite NAPQI can bind to the
cysteine thiol of GSH. This critical mechanism of detoxification is mediated at least in part by phase-two metabolic
enzymes of the glutathione S-transferase family4 and can lead
to GSH depletion. The abundances of three glutathione
S-transferases, GSTT1, GSTK1, GSTM3, and the related GGH
were increased (1.53, 1.20, 1.49 and 1.32 fold respectively).
While these changes appear to be modest, previous proteomic
studies have shown that changes like these are typical and that
they can produce significant alterations in cellular structure
and activity.30 In a previous study comparing growth in 2D or
3D culture, we had observed that the protein levels of three
other glutathione S-transferases were also modulated: the
microsomal MGST1 was reduced by 2.4-fold while the cytosolic
GSTK1 and GSTO1 were increased by 1.3 and 2.8-fold respectively, illustrating that the absolute levels of these enzymes are
also culture specific.30
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Wu et al. have demonstrated that Nrf2 can regulate NADPH
generation and consumption,54 thus providing the link to
regulation of the pentose phosphate pathway. There was an
increase in enzymes of the pentose phosphate pathway. The
abundances of most of its enzymes, G6PD, H6PD, PGD,
TALDO1, and PGLS, were increased (1.82, 1.28, 1.26, 1.21 and
1.21-fold change respectively). The only exception was RPIA
(which was reduced by −1.52-fold). G6PD is the key rate limiting enzyme of the pentose phosphate pathway and was the
protein showing the highest increase in abundance. G6PD has
not previously been reported as S-nitrosylated. Its cysteine
C232 was found to be the third most S-nitrosylated site,
although its relative occupancy did not change significantly
between the control and APAP treatment. This might indicate
that for this protein, feedback activation occurs via protein
synthesis and not by modification. Evidence supporting the
importance of the pentose phosphate pathway can also be
found in TALDO1−/− mice developed by inactivation of the
Taldo1 genomic locus.55 These are very sensitive to APAP treatment and exhibit a loss of mitochondrial membrane potential,
reduced ATP/ADP ratio, and reduced β-catenin phosphorylation and spontaneously develop hepatocellular carcinomas.
All of these features can be reversed by a lifelong treatment
with N-acetylcysteine.56
Processes that require reducing power, e.g. NADPH and/or
ATP, were also aﬀected by mild APAP treatment. Changes in
the SNO/SOH levels in proteins of the fatty acid synthesis/
metabolism were pronounced following APAP treatment. FASN
(the multi-enzyme protein that catalyses fatty acid synthesis)
and FDFT1 (squalene synthase in the cholesterol synthetic
pathway), both requiring NADPH for enzymatic activity, were
diﬀerentially SNO/SOH modified under APAP treatment (5.6
and −1.8 average fold change). Similarly, two ATP driven longchain-fatty-acid–CoA ligases (ACSL3 and 4, which convert free
long-chain fatty acids into fatty acyl-CoA esters, and play a key
role in lipid synthesis and fatty acid degradation) showed
increased SOH modification after APAP treatment (2.5 and
1.5-fold). While the eﬀect on enzyme kinetics cannot be
deduced from these studies, it has been shown by several other
groups that mitochondrial β-oxidation of fatty acids is impaired
during APAP toxicity53 and our results would support this.
Administration of carnitine, the carrier of fatty acids, into mitochondria provided protection from APAP toxicity, suggesting a
link between fatty acid oxidation and APAP toxicity.57
Wnt/β-catenin signalling is aﬀected by oxidative stress
Here for the first time we report SNO and SOH modifications
of components in the canonical Wnt/β-catenin signalling
pathway. These changes are considered to be the cellular
response to the oxidative insult rather than the primary
‘damage’.
Canonical Wnt/β-catenin signalling has been shown to be
crucial in regulating the establishment of hepatic metabolic
zonation58 as well as hepatoprotection and liver regeneration
after drug-induced liver injury.59,60 PTMs, like phosphorylation
and ubiquitination, have been shown to play an important role
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in regulating this pathway.61 In general, an APAP-induced
increase in SNO/SOH was observed in all detected Wnt/
β-catenin pathway-related proteins, with the exception of SKP1
and FBXO2, where levels decrease.
The major targets aﬀected by SNO/SOH were the components of the SCF (Skp1/Cul1/F-box) ubiquitin ligase complex
(SKP1, FBOX2, CAND and CACYBP). The SCF complex is a
multicomponent E3 ubiquitin ligase, responsible for polyubiquitination and targeting of proteins for proteasomal degradation. While SNO/SOH modification of the SCF complex has
not been described before, other E3 ubiquitin ligases have
been shown to be inhibited by SNO modification.62
Both β-catenin and WDR61 exhibit an unchanged abundance but an increased SOH modification upon APAP treatment. WDR61 is a component of the PAF1 complex, which is
responsible for the activation of transcription of Wnt genes by
RNA polymerase II. The exact role of SNO modification of
WDR61 is yet to be verified. Of importance might be the newly
established link between Wnt signalling and the Nrf2/ARE oxidative stress response.63 A reduction in the binding of Nrf2 to
β-catenin or a reduction in Nrf2 ubiquitination (and hence a
reduction in its proteolytic degradation) could lead to its translocation into the nucleus and activation of G6PD and NQO2.
Corroborating this inactivation of β-catenin, we detected
several other β-catenin responsive proteins in reduced abundance e.g. glutamine synthetase (GLUL) and MAPK3 (−2.9 and
−1.2-fold).
Wnt signalling reduced the abundance of several proteins
related to protein synthesis (including six eukaryotic translation initiation factors) by a factor of about 1.25. EIF3B was
the only initiation factor where the degree of SOH modification was increased (1.5-fold).
The observed reduction in protein synthesis was mirrored
by a reduction in all of the detected proteins associated with
nucleolar ribosome assembly (RPS3, NOB1, TSR1, BRIX1 and
DRG1 on average by 1.35-fold) and the reduced abundance of
the ribosomal proteins (by 1.25 fold) noted above.
Given the low abundance of the SNO and SOH modifications in the cell and their transient nature, we hypothesise
that SNO/SOH modifications of the Wnt/β-catenin pathway
could represent a novel intracrine signalling mechanism. This
mechanism could account for the Wnt/β-catenin-driven induction of the cytochromes CYP2E1 and CYP1A2 seen in mice64
and primary human hepatocytes65 and for the induction of
liver regeneration seen in mice44,59 and thus provide evidence
for a further protective strategy against APAP-induced acute
liver injury (AILI).
Modified secreted proteins
Intriguingly, we identified a number of SNO/SOH modified
proteins which are destined to be secreted, e.g. MANF and
HSD17B11. Where SNO/SOH proteins enter the extracellular
space, they might spread oxidative damage due to the release
of coordinated transition metals66 or via transnitrosylation.11
Finally, SNO/SOH modified proteins, when present in body
fluids, would be expected to be ‘trapped’ in their modified
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format and therefore are potential candidate biomarkers
reflecting acute or chronic use of APAP. They would be detectable in plasma, using strategies like SNO/SOH TMT13 or
Quantitative Cysteine Oxidation Analysis by Multiple Reaction
Monitoring (OxMRM).67 Such early stage indicators of reversible hepatic stress could be complementary to existing late
stage markers such as alanine and aspartate aminotransferases whose presence in plasma is an indicator of irreversible
liver damage.1

Conclusions
This is the first proteome-wide analysis of reversible cysteine
modifications, S-nitrosylation and S-sulfenylation following
APAP treatment. Our study provides the largest collection of
SNO/SOH proteins resolving basal, APAP-susceptible and APAP
sensitive modification sites and suggests that these modifications provide an additional novel signalling capacity allowing the cell to respond homeostatically to external stimuli like
APAP treatment. By analysing the redox proteome of the
hepatocarcinoma cell line C3A treated with a therapeutically
relevant dose of APAP, we have revealed that the cell responds
to APAP insult using a variety of strategies simultaneously
(summarised in Fig. 6). While the depletion of GSH and the
appearance of NAPQI are well known from acute toxicity
studies, little or nothing is known about the activation of the
pentose phosphate pathway, the general retardation of protein
synthesis, and the molecular events leading to the activation
of the Wnt/β-catenin and Nrf2 signalling pathways.
From these studies it appears that the strategic response of
the cell to APAP-induced generation of reactive species (in or
close to the ER) is the activation of the Wnt/β-catenin and Nrf2
signalling pathways and the disruption of fatty acid metabolism. These signalling pathways coordinate the maintenance
of GSH and NADPH levels by diverting energy resources from

Fig. 6 Summary of molecular pathways aﬀected by APAP treatment
(5 mg APAP per mg cellular protein for 48 h) observed using label free
proteomics and SNO/SOH TMT. Detoxiﬁcation of NAPQI leads to
depletion of GSH and accumulation of endogenous RNS and ROS that
contribute to generation of modiﬁed proteins. In response, cells activate
pathways that lead to decreased protein synthesis and increased production of reducing power via the pentose phosphate pathway.

This journal is © The Royal Society of Chemistry 2016
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ribosome assembly and protein synthesis to the pentose phosphate pathway as an eﬀective measure to restore homeostasis.
Altogether, our results help unify various observations on the
eﬀects of APAP treatment in vitro and in vivo.

Funding information
This work was supported by the Sino-Danish Center for Education and Research and Augustinus Fonden (KWo); University
of Southern Denmark (ARW); MC2 Biotek and University of
Southern Denmark (KW and SJF); Villum Fonden Center for
Analytical Biosciences (61310-0110-13761) and Center for Epigenetics, (62310-0112-023541) (ARW, KWo, JW).

Author Contributions
Conceived and designed the experiments: ARW, KWo and
KWr. Performed the experiments: KWr, KWo, JW. Analysed the
data: KWo, ARW, KWr, JW, SJF. Contributed to the writing of
the manuscript: KWo, ARW, SJF, KWr, JW.

Acknowledgements
We would like to thank Cellvivo IVS for providing BioArray
Matrix units for long term 3D cell spheroid culture, Peter
Højrup for performing the amino acid analysis, Veit
Schwämmle for assistance and discussions regarding bioinformatics analysis and Peter Roepstorﬀ for valuable discussions.

References
1 J. A. Hinson, D. W. Roberts and L. P. James, Mechanisms
of acetaminophen-induced liver necrosis, Handb. Exp. Pharmacol., 2010, 196, 369–405.
2 S. S. Lee, J. T. Buters, T. Pineau, P. Fernandez-Salguero and
F. J. Gonzalez, Role of CYP2E1 in the hepatotoxicity of acetaminophen, J. Biol. Chem., 1996, 271, 12063–12067.
3 A. Michaut, C. Moreau, M. A. Robin and B. Fromenty, Acetaminophen-induced liver injury in obesity and nonalcoholic fatty liver disease, Liver Int., 2014, 34, e171–e179.
4 M. R. McGill and H. Jaeschke, Metabolism and disposition
of acetaminophen: recent advances in relation to hepatotoxicity and diagnosis, Pharm. Res., 2013, 30, 2174–2187.
5 K. J. Heard, J. L. Green, L. P. James, B. S. Judge, L. Zolot,
S. Rhyee and R. C. Dart, Acetaminophen-cysteine adducts
during therapeutic dosing and following overdose, BMC
Gastroenterol., 2011, 11, 20.
6 L. M. Aleksunes, M. Goedken and J. E. Manautou, Up-regulation of NAD(P)H quinone oxidoreductase 1 during
human liver injury, World J. Gastroenterol., 2006, 12, 1937–
1940.
7 J. H. Hwang, Y. H. Kim, J. R. Noh, G. T. Gang, K. S. Kim,
H. K. Chung, S. Tadi, Y. H. Yim, M. Shong and C. H. Lee,

Toxicol. Res., 2016, 5, 905–920 | 917

View Article Online

Paper

Open Access Article. Published on 02 March 2016. Downloaded on 24/06/2016 10:47:08.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

8

9

10

11

12

13

14

15

16

17

18

19

The protective role of NAD(P)H:quinone oxidoreductase 1
on acetaminophen-induced liver injury is associated with
prevention of adenosine triphosphate depletion and
improvement of mitochondrial dysfunction, Arch. Toxicol.,
2015, 89, 2159–2166.
S. D. Cohen and E. A. Khairallah, Selective protein arylation
and acetaminophen-induced hepatotoxicity, Drug Metab.
Rev., 1997, 29, 59–77.
H. Jaeschke, M. R. McGill and A. Ramachandran, Oxidant
stress, mitochondria, and cell death mechanisms in druginduced liver injury: lessons learned from acetaminophen
hepatotoxicity, Drug Metab. Rev., 2012, 44, 88–106.
V. Gupta and K. S. Carroll, Sulfenic acid chemistry, detection and cellular lifetime, Biochimica. Biophys. Acta, 2014,
1840, 847–875.
E. Murphy, M. Kohr, S. Menazza, T. Nguyen, A. Evangelista,
J. Sun and C. Steenbergen, Signaling by S-nitrosylation in
the heart, J. Mol. Cell. Cardiol., 2014, 73, 18–25.
H. S. Chung, S. B. Wang, V. Venkatraman, C. I. Murray and
J. E. Van Eyk, Cysteine oxidative posttranslational modifications: emerging regulation in the cardiovascular system,
Circ. Res., 2013, 112, 382–392.
K. Wojdyla, J. Williamson, P. Roepstorﬀ and A. RogowskaWrzesinska, The SNO/SOH TMT strategy for combinatorial
analysis of reversible cysteine oxidations, J. Proteomics,
2015, 113, 415–434.
S. N. Hart, Y. Li, K. Nakamoto, E. A. Subileau, D. Steen and
X. B. Zhong, A comparison of whole genome gene
expression profiles of HepaRG cells and HepG2 cells to
primary human hepatocytes and human liver tissues, Drug
Metab. Dispos., 2010, 38, 988–994.
A. Zahno, K. Brecht, R. Morand, S. Maseneni, M. Torok,
P. W. Lindinger and S. Krahenbuhl, The role of CYP3A4 in
amiodarone-associated toxicity on HepG2 cells, Biochem.
Pharmacol., 2011, 81, 432–441.
H. H. Gerets, K. Tilmant, B. Gerin, H. Chanteux,
B. O. Depelchin, S. Dhalluin and F. A. Atienzar, Characterization of primary human hepatocytes, HepG2 cells, and
HepaRG cells at the mRNA level and CYP activity in
response to inducers and their predictivity for the detection of human hepatotoxins, Cell Biol. Toxicol., 2012, 28,
69–87.
K. Wrzesinski and S. J. Fey, After trypsinisation, 3D spheroids of C3A hepatocytes need 18 days to re-establish
similar levels of key physiological functions to those seen
in the liver, Toxicol. Res., 2013, 2, 123–135.
S. C. Ramaiahgari, M. W. den Braver, B. Herpers,
V. Terpstra, J. N. Commandeur, B. van de Water and
L. S. Price, A 3D in vitro model of diﬀerentiated HepG2 cell
spheroids with improved liver-like properties for repeated
dose high-throughput toxicity studies, Arch. Toxicol., 2014,
88, 1083–1095.
P. Godoy, N. J. Hewitt, U. Albrecht, M. E. Andersen,
N. Ansari, S. Bhattacharya, J. G. Bode, J. Bolleyn, C. Borner,
J. Bottger, A. Braeuning, R. A. Budinsky, B. Burkhardt,
N. R. Cameron, G. Camussi, C. S. Cho, Y. J. Choi, J. Craig

918 | Toxicol. Res., 2016, 5, 905–920

Toxicology Research

20

21

22

23

24

25

26
27
28

29

Rowlands, U. Dahmen, G. Damm, O. Dirsch, M. T. Donato,
J. Dong, S. Dooley, D. Drasdo, R. Eakins, K. S. Ferreira,
V. Fonsato, J. Fraczek, R. Gebhardt, A. Gibson,
M. Glanemann, C. E. Goldring, M. J. Gomez-Lechon,
G. M. Groothuis, L. Gustavsson, C. Guyot, D. Hallifax,
S. Hammad, A. Hayward, D. Haussinger, C. Hellerbrand,
P. Hewitt, S. Hoehme, H. G. Holzhutter, J. B. Houston,
J. Hrach, K. Ito, H. Jaeschke, V. Keitel, J. M. Kelm, B. Kevin
Park, C. Kordes, G. A. Kullak-Ublick, E. L. LeCluyse, P. Lu,
J. Luebke-Wheeler, A. Lutz, D. J. Maltman, M. Matz-Soja,
P. McMullen, I. Merfort, S. Messner, C. Meyer, J. Mwinyi,
D. J. Naisbitt, A. K. Nussler, P. Olinga, F. Pampaloni, J. Pi,
L. Pluta, S. A. Przyborski, A. Ramachandran, V. Rogiers,
C. Rowe, C. Schelcher, K. Schmich, M. Schwarz, B. Singh,
E. H. Stelzer, B. Stieger, R. Stober, Y. Sugiyama, C. Tetta,
W. E. Thasler, T. Vanhaecke, M. Vinken, T. S. Weiss,
A. Widera, C. G. Woods, J. J. Xu, K. M. Yarborough and
J. G. Hengstler, Recent advances in 2D and 3D in vitro
systems using primary hepatocytes, alternative hepatocyte
sources and non-parenchymal liver cells and their use in
investigating mechanisms of hepatotoxicity, cell signaling
and ADME, Arch. Toxicol., 2013, 87, 1315–1530.
M. Zanoni, F. Piccinini, C. Arienti, A. Zamagni, S. Santi,
R. Polico, A. Bevilacqua and A. Tesei, 3D tumor spheroid
models for in vitro therapeutic screening: a systematic
approach to enhance the biological relevance of data
obtained, Sci. Rep., 2016, 6, 19103.
A. Tvardovskiy, K. Wrzesinski, S. Sidoli, S. J. Fey,
A. Rogowska-Wrzesinska and O. N. Jensen, Top-down and
middle-down protein analysis reveals that intact and clipped
human histones diﬀer in post-translational modification
patterns, Mol. Cell. Proteomics, 2015, 14, 3142–3153.
P. Gunness, D. Mueller, V. Shevchenko, E. Heinzle,
M. Ingelman-Sundberg and F. Noor, 3D organotypic cultures of human HepaRG cells: a tool for in vitro toxicity
studies, Toxicol. Sci., 2013, 133, 67–78.
K. Wrzesinski and S. J. Fey, From 2D to 3D – a new dimension for modelling the eﬀect of natural products on human
tissue, Curr. Pharm. Des, 2015, 21, 5605–5616.
S. J. Fey and K. Wrzesinski, Determination of drug
toxicity using 3D spheroids constructed from an immortal
human hepatocyte cell line, Toxicol. Sci., 2012, 127, 403–
411.
V. Kumar, A. K. Abbas, N. Fausto, S. L. Robbins and
R. S. Cotran, Robbins and Cotran pathologic basis of disease,
Elsevier Saunders, Philadelphia, 7th edn, 2005.
New World Encyclopedia, http://www.newworldencyclopedia.
org/entry/Liver.
B. Alberts, J. H. Wilson and T. Hunt, Molecular biology of
the cell, Garland Science, New York, 5th edn, 2008.
L. F. Prescott, Kinetics and metabolism of paracetamol and
phenacetin, Br. J. Clin. Pharmacol., 1980, 10(Suppl 2), 291S–
298S.
T. J. Zurlinden and B. Reisfeld, Physiologically based
modeling of the pharmacokinetics of acetaminophen and
its major metabolites in humans using a Bayesian popu-

This journal is © The Royal Society of Chemistry 2016

View Article Online

Toxicology Research

Open Access Article. Published on 02 March 2016. Downloaded on 24/06/2016 10:47:08.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

30

31

32

33

34

35

36

37

38

39

40

41

lation approach, Eur. J. Drug Metab. Pharmacokinet., 2015,
DOI: 10.1007/s13318-015-0253-x.
K. Wrzesinski, A. Rogowska-Wrzesinska, R. Kanlaya,
K. Borkowski, V. Schwammle, J. Dai, K. E. Joensen,
K. Wojdyla, V. B. Carvalho and S. J. Fey, The Cultural
Divide: Exponential Growth in Classical 2D and Metabolic
Equilibrium in 3D Environments, PLoS One, 2014, 9,
e106973.
I. R. Leon, V. Schwammle, O. N. Jensen and R. R. Sprenger,
Quantitative assessment of in-solution digestion eﬃciency
identifies optimal protocols for unbiased protein analysis,
Mol. Cell. Proteomics, 2013, 12, 2992–3005.
T. Masuda, M. Tomita and Y. Ishihama, Phase transfer surfactant-aided trypsin digestion for membrane proteome
analysis, J. Proteome Res., 2008, 7, 731–740.
A. Franceschini, D. Szklarczyk, S. Frankild, M. Kuhn,
M. Simonovic, A. Roth, J. Lin, P. Minguez, P. Bork, C. von
Mering and L. J. Jensen, STRING v9.1: protein–protein
interaction networks, with increased coverage and integration, Nucleic Acids Res., 2013, 41, D808–D815.
E. Eden, R. Navon, I. Steinfeld, D. Lipson and
Z. Yakhini, GOrilla: a tool for discovery and visualization
of enriched GO terms in ranked gene lists, BMC Bioinf.,
2009, 10, 48.
K. Wrzesinski, M. C. Magnone, L. Visby Hansen,
M. E. Kruse, T. Bergauer, M. Bobadilla, M. Gubler,
J. Mizrahi, K. Zhang, C. M. Andreasen, K. E. Joensen,
S. M. Andersen, J. B. Olesen, O. B. Schaﬀalitzky de
Muckadell and S. J. Fey, HepG2/C3A 3D spheroids exhibit
stable physiological functionality for at least 24 days after
recovering from trypsinisation, Toxicol. Res., 2013, 2, 163–
172.
T. L. Riss, R. A. Moravec and A. L. Niles, Cytotoxicity
testing: measuring viable cells, dead cells, and detecting
mechanism of cell death, Methods Mol. Biol., 2011, 740,
103–114.
M. A. Sun, Y. Wang, H. Cheng, Q. Zhang, W. Ge and
D. Guo, RedoxDB – a curated database for experimentally
verified protein oxidative modification, Bioinformatics,
2012, 28, 2551–2552.
Y. J. Chen, C. T. Lu, M. G. Su, K. Y. Huang, W. C. Ching,
H. H. Yang, Y. C. Liao, Y. J. Chen and T. Y. Lee, dbSNO 2.0:
a resource for exploring structural environment, functional
and disease association and regulatory network of protein
S-nitrosylation, Nucleic Acids Res., 2015, 43, D503–D511.
M. J. Kohr, A. Aponte, J. Sun, M. Gucek, C. Steenbergen
and E. Murphy, Measurement of S-nitrosylation occupancy
in the myocardium with cysteine-reactive tandem mass
tags: short communication, Circ. Res., 2012, 111, 1308–
1312.
M. W. Akhtar, C. R. Sunico, T. Nakamura and S. A. Lipton,
Redox Regulation of Protein Function via Cysteine
S-Nitrosylation and Its Relevance to Neurodegenerative Diseases, Int. J. Cell Biol., 2012, 2012, 463756.
K. Hirota, M. Matsui, S. Iwata, A. Nishiyama, K. Mori and
J. Yodoi, AP-1 transcriptional activity is regulated by a

This journal is © The Royal Society of Chemistry 2016

Paper

42

43

44

45
46

47

48

49

50

51

52

53

54

direct association between thioredoxin and Ref-1, Proc.
Natl. Acad. Sci. U. S. A., 1997, 94, 3633–3638.
S. I. Gum and M. K. Cho, Recent updates on acetaminophen hepatotoxicity: the role of nrf2 in hepatoprotection,
Toxicol. Res., 2013, 29, 165–172.
L. E. Randle, C. E. Goldring, C. A. Benson, P. N. Metcalfe,
N. R. Kitteringham, B. K. Park and D. P. Williams, Investigation of the eﬀect of a panel of model hepatotoxins on the
Nrf2-Keap1 defence response pathway in CD-1 mice,
Toxicology, 2008, 243, 249–260.
J. Soeda, A. Mouralidarane, S. Ray, M. Novelli, S. Thomas,
T. Roskams, A. M. Diehl and J. A. Oben, The beta-adrenoceptor agonist isoproterenol rescues acetaminopheninjured livers through increasing progenitor numbers by
Wnt in mice, Hepatology, 2014, 60, 1023–1034.
D. R. Koop, Oxidative and reductive metabolism by cytochrome P450 2E1, FASEB J., 1992, 6, 724–730.
A. Bachi, I. Dalle-Donne and A. Scaloni, Redox proteomics:
chemical principles, methodological approaches and biological/biomedical promises, Chem. Rev., 2013, 113, 596–
698.
K. Shankar, V. S. Vaidya, U. M. Apte, J. E. Manautou,
M. J. Ronis, T. J. Bucci and H. M. Mehendale, Type 1 diabetic mice are protected from acetaminophen hepatotoxicity, Toxicol. Sci., 2003, 73, 220–234.
C. E. Goldring, N. R. Kitteringham, R. Elsby, L. E. Randle,
Y. N. Clement, D. P. Williams, M. McMahon, J. D. Hayes,
K. Itoh, M. Yamamoto and B. K. Park, Activation of hepatic
Nrf2 in vivo by acetaminophen in CD-1 mice, Hepatology,
2004, 39, 1267–1276.
L. L. Ji, Y. C. Sheng, Z. Y. Zheng, L. Shi and Z. T. Wang, The
involvement of p62-Keap1-Nrf2 antioxidative signaling
pathway and JNK in the protection of natural flavonoid
quercetin against hepatotoxicity, Free Radicals Biol. Med.,
2015, 85, 12–23.
H. Okawa, H. Motohashi, A. Kobayashi, H. Aburatani,
T. W. Kensler and M. Yamamoto, Hepatocyte-specific deletion of the keap1 gene activates Nrf2 and confers potent
resistance against acute drug toxicity, Biochem. Biophys.
Res. Commun., 2006, 339, 79–88.
L. M. Aleksunes, A. L. Slitt, J. M. Maher, L. M. Augustine,
M. J. Goedken, J. Y. Chan, N. J. Cherrington, C. D. Klaassen
and J. E. Manautou, Induction of Mrp3 and Mrp4 transporters during acetaminophen hepatotoxicity is dependent on
Nrf2, Toxicol. Appl. Pharmacol., 2008, 226, 74–83.
C. D. Klaassen and S. A. Reisman, Nrf2 the rescue: eﬀects
of the antioxidative/electrophilic response on the liver,
Toxicol. Appl. Pharmacol., 2010, 244, 57–65.
S. Bhattacharyya, L. Pence, R. Beger, S. Chaudhuri,
S. McCullough, K. Yan, P. Simpson, L. Hennings, J. Hinson
and L. James, Acylcarnitine profiles in acetaminophen toxicity in the mouse: comparison to toxicity, metabolism and
hepatocyte regeneration, Metabolites, 2013, 3, 606–622.
K. C. Wu, J. Y. Cui and C. D. Klaassen, Beneficial role of
Nrf2 in regulating NADPH generation and consumption,
Toxicol. Sci., 2011, 123, 590–600.

Toxicol. Res., 2016, 5, 905–920 | 919

View Article Online

Open Access Article. Published on 02 March 2016. Downloaded on 24/06/2016 10:47:08.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Paper

55 A. Perl, Y. Qian, K. R. Chohan, C. R. Shirley, W. Amidon,
S. Banerjee, F. A. Middleton, K. L. Conkrite, M. Barcza,
N. Gonchoroﬀ, S. S. Suarez and K. Banki, Transaldolase is
essential for maintenance of the mitochondrial transmembrane potential and fertility of spermatozoa, Proc. Natl.
Acad. Sci. U. S. A., 2006, 103, 14813–14818.
56 R. Hanczko, D. R. Fernandez, E. Doherty, Y. Qian, G. Vas,
B. Niland, T. Telarico, A. Garba, S. Banerjee,
F. A. Middleton, D. Barrett, M. Barcza, K. Banki,
S. K. Landas and A. Perl, Prevention of hepatocarcinogenesis and increased susceptibility to acetaminopheninduced liver failure in transaldolase-deficient mice by
N-acetylcysteine, J. Clin. Invest., 2009, 119, 1546–1557.
57 K. Yapar, A. Kart, M. Karapehlivan, O. Atakisi, R. Tunca,
S. Erginsoy and M. Citil, Hepatoprotective eﬀect of L-carnitine against acute acetaminophen toxicity in mice, Exp.
Toxicol. Pathol., 2007, 59, 121–128.
58 S. Benhamouche, T. Decaens, C. Godard, R. Chambrey,
D. S. Rickman, C. Moinard, M. Vasseur-Cognet, C. J. Kuo,
A. Kahn, C. Perret and S. Colnot, Apc tumor suppressor
gene is the “zonation-keeper” of mouse liver, Dev. Cell,
2006, 10, 759–770.
59 U. Apte, S. Singh, G. Zeng, B. Cieply, M. A. Virji, T. Wu and
S. P. Monga, Beta-catenin activation promotes liver regeneration after acetaminophen-induced injury, Am. J. Pathol.,
2009, 175, 1056–1065.
60 J. Behari, The Wnt/beta-catenin signaling pathway in liver
biology and disease, Expert Rev. Gastroenterol. Hepatol.,
2010, 4, 745–756.
61 C. Gao, G. Xiao and J. Hu, Regulation of Wnt/beta-catenin
signaling by posttranslational modifications, Cell Biosci.,
2014, 4, 13.

920 | Toxicol. Res., 2016, 5, 905–920

Toxicology Research

62 K. K. Chung, B. Thomas, X. Li, O. Pletnikova,
J. C. Troncoso, L. Marsh, V. L. Dawson and T. M. Dawson,
S-nitrosylation of parkin regulates ubiquitination and compromises parkin’s protective function, Science, 2004, 304,
1328–1331.
63 P. Rada, A. I. Rojo, A. Oﬀergeld, G. J. Feng, J. P. VelascoMartin, J. M. Gonzalez-Sancho, A. M. Valverde, T. Dale,
J. Regadera and A. Cuadrado, WNT-3A Regulates an Axin1/
NRF2 Complex That Regulates Antioxidant Metabolism in
Hepatocytes, Antioxid. Redox Signaling, 2015, 22, 555–
571.
64 S. Sekine, B. Y. Lan, M. Bedolli, S. Feng and M. Hebrok,
Liver-specific loss of beta-catenin blocks glutamine synthesis pathway activity and cytochrome p450 expression in
mice, Hepatology, 2006, 43, 817–825.
65 S. Gerbal-Chaloin, A. S. Dume, P. Briolotti, S. Klieber,
E. Raulet, C. Duret, J. M. Fabre, J. Ramos, P. Maurel and
M. Daujat-Chavanieu, The WNT/beta-catenin pathway is a
transcriptional regulator of CYP2E1, CYP1A2, and aryl
hydrocarbon receptor gene expression in primary human
hepatocytes, Mol. Pharmacol., 2014, 86, 624–634.
66 K. D. Welch, B. Wen, D. R. Goodlett, E. C. Yi, H. Lee,
T. P. Reilly, S. D. Nelson and L. R. Pohl, Proteomic identification of potential susceptibility factors in drug-induced
liver disease, Chem. Res. Toxicol., 2005, 18, 924–933.
67 J. M. Held, S. R. Danielson, J. B. Behring, C. Atsriku,
D. J. Britton, R. L. Puckett, B. Schilling, J. Campisi,
C. C. Benz and B. W. Gibson, Targeted quantitation of sitespecific cysteine oxidation in endogenous proteins using a
diﬀerential alkylation and multiple reaction monitoring
mass spectrometry approach, Mol. Cell. Proteomics, 2010, 9,
1400–1410.

This journal is © The Royal Society of Chemistry 2016

