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ABSTRACT

The formation of drug-protein adducts following the bioactivation of drugs to reactive metabolites has
been linked to adverse drug reactions (ADRs) and is a major complication in drug discovery and develop-
ment. Identification and quantification of drug-protein adducts in vivo may lead to a better understanding
of drug toxicity, but is challenging due to their low abundance in the complex biological samples. Human
serum albumin (HSA) is a well-known target of reactive drug metabolites due to the free cysteine on
position 34 and is often the first target to be investigated in covalent drug binding studies. Presented
here is an optimized strategy for targeted analysis of low-level drug-albumin adducts in serum. This
strategy is based on selective extraction of albumin from serum through affinity chromatography, effi-
cient sample treatment and clean-up using gel filtration chromatography followed by tryptic digestion
and LC-MS analysis. Quantification of the level of albumin modification was performed through a com-
parison of non-modified and drug-modified protein based on the relative peak area of the tryptic peptide
containing the free cysteine residue. The analysis strategy was applied to serum samples resulting from a
drug exposure experiment in mice, which was designed to study the effects of different acetaminophen
(APAP) treatments on drug toxicity. APAP is bioactivated to N-acetyl-p-benzoquinoneimine (NAPQI) in
both humans and mice and is known to bind to cysteine 34 (cys34) of HSA. Analysis of the mouse serum
samples revealed the presence of extremely low-level NAPQI-albumin adducts of approximately 0.2% of
the total mouse serum albumin (MSA), regardless of the length of drug exposure. Due to the targeted
nature of the strategy, the NAPQI-adduct formation on cys34 could be confirmed while adducts to the
second free cysteine on position 579 of MSA were not detected.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

the propensity for bioactivation and subsequent formation of
drug-protein adducts [1]. Although the exact mechanisms behind

Drugs that are associated with adverse drug reactions (ADRs)
and idiosyncratic drug reactions (IDRs) frequently possess
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ADRs and IDRs still remain largely uncertain, drug-protein adducts
are suggested to be directly linked to selective organ toxicity
and immune-mediated response [2-4]. Elucidation of these
mechanisms will lead to a better understanding of drug toxicity
and may be achieved by identification of the target proteins of
bioactivated drugs and their involvement in biological processes,
such as inflammatory responses [1]. However, the detection of
drug-protein adducts in vivo is extremely challenging since only
minute amounts are present. Additionally, the low abundance of
adducts in tissues and biofluids that possess a very wide dynamic
range and a large excess of non-adducted proteins further compli-
cates their detection. Therefore, sensitive and selective analytical
methodologies are needed for the analysis of drug—protein adducts
in complex biological samples.

Many target proteins of reactive drug metabolites have been
identified from in vitro and in vivo animal experiments using global
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Fig. 1. Crystal structure of HSA (PDB ID: 2BXB [12], created with Protein workshop
[13]) indicating the position of cys34 and location of residue 579, which is a cysteine
in MSA.

proteomics approaches, such as two-dimensional gel electrophore-
sis in combination with mass spectrometry (MS) detection [5]. In
such approaches, relevant protein spots are selected for further
treatment based on autoradiography, in cases where radiolabeled
drugs are used [6,7], or immuno-selective staining with antibodies
raised against specific drugs [8,9]. The selected protein spots are
excised from the gel, in-gel digested and analyzed with liquid chro-
matography mass spectrometry (LC-MS) [9] or matrix-assisted
laser desorption ionization (MALDI)-MS [6-8]. Using immuno-
blotting, 15 hepatic proteins, 12 of which are novel, were identified
recently as likely targets of tienilic acid in rats [9], while a total of
64 protein targets (42 cytosolic and 24 microsomal) of radiolabeled
thiobenzamide were identified in rat liver using phosphorimag-
ing [6]. Identification of the modification site, e.g., via detection of
an adducted peptide in a proteomics-based strategy, would unam-
biguously confirm adduct formation to the identified protein, but
this is often not achieved due to the low level of covalent bind-
ing [10] and the small amount of protein present in the gel spot.
Additionally, detection of the adducted peptide would provide a
means for quantification of the level of adduct formation, which
could have important clinical and toxicological relevance [5].

In vitro experiments using trapping agents have shown that
numerous reactive drug metabolites are reactive toward the thiol
group in cysteines [11] and many global proteomics approaches
have identified human serum albumin (HSA) as a protein target
for covalent binding [1]. This is due to the fact that HSA possesses
an unpaired cysteine on position 34 (cys34) that is located on the
surface of the protein and thus accessible to reactive drug metabo-
lites, as can be seen in an image of the crystal structure (PDB ID:
2BXB [12], created with Protein workshop [13]) shown in Fig. 1.
Using this information, a targeted approach can be developed to
investigate covalent binding to HSA. Such a targeted approach
includes selective protein isolation, e.g., by affinity chromatogra-
phy, prior to protein digestion and subsequent LC-MS analysis. This
approach would provide the required selectivity and sensitivity
for studying low-abundant proteins and their interactions [14,15].
The increased sensitivity of targeted approaches may also be useful
for monitoring of drug-protein adducts in clinical samples [16]
where radiolabels or other distinct features for selective detection
are not applicable. A limited number of examples of a targeted
approach for the confirmation of in vivo adduct formation have
been reported for drugs [17,18] and other xenobiotic compounds
[10]. In these studies, it was found that HSA, isolated from patient
samples, was adducted at cys34 by nitrogen mustards [18] and

N-acetyl-p-benzoquinoneimine (NAPQI), the reactive metabolite
of acetaminophen (APAP) [17].

Covalent binding studies are an integral part of drug candi-
date evaluation in the pharmaceutical industry and may determine
the fate of a lead compound. However, there is a need for
advanced proteomics-based methodologies to study the rela-
tionship between drug-protein adducts and toxicity [19]. The
NAPQI-albumin adduct is perhaps the most well-known example
of drug-protein adduct formation and is therefore often used as a
model adduct [20]. Drug toxicity studies are generally performed in
animal models, thus it is fortunate that the protein sequence and
structure, i.e., disulfide bridges, of serum albumins are well con-
served among various species [21,22]. Nevertheless, it is important
to note that small differences in the protein sequence may lead to
different binding effects [23]. Albumins of most species, including
HSA and mouse serum albumin (MSA), contain the free cysteine on
position 34. However, MSA represents a rather unique case because
italso contains an additional free cysteine at position 579. Unfortu-
nately, a crystal structure of MSA is not available, but, considering
the fact that this cysteine is close to the C-terminus and the protein
sequence is very similar to that of HSA, it is likely that this second
free thiol in MSA is also accessible to reactive drug metabolites, see
Fig. 1.

In the here presented research, an analytical strategy was
developed and optimized for identification and quantification of
low-abundant drug-albumin adducts. The optimized strategy was
subsequently applied to serum samples resulting from a drug expo-
sure study in mice. In this study, the mice received a dose of APAP
either for a single day or for seven consecutive days in order to study
the kinetics of ADRs and determine whether there is a correlation
with the formation of NAPQI-MSA adducts.

2. Materials and methods
2.1. Chemicals and materials

Mouse serum albumin (MSA, >96%), bovine serum albumin
(BSA, >98%), human serum albumin (HSA, 97-99%), acetaminophen
(APAP, >99%), disodium hydrogen phosphate (NaHPO,), sodium
dihydrogen phosphate (NaH,PO4), potassium chloride (KCl),
sodium chloride (NaCl), Bradford reagent, guanidine HCl (GHCI),
ammonium bicarbonate (NH4HCO3), HPLC standard peptide mix-
ture, [Met°|Enkephalin acetate salt hydrate (>95%, internal
standard, IS), dithiothreitol (DTT), iodoacetic acid (IAA), N-acetyl-
p-benzoquinone imine (NAPQI) and ethanol (96%) were obtained
from Sigma Aldrich (Schnelldorf, Germany). A synthetic version of
the HSA peptide ALVLIAFAQYLQQC34PFEDHVK was kindly provided
to us by R. Ekkebus (NKI, Amsterdam, The Netherlands). The HiTrap
blue HP albumin affinity columns, prepacked with Blue Sepharose
High Performance, (1 mL column volume) and NAP-25 gel filtra-
tion columns, prepacked with Sephadex G-25 DNA Grade, (2.5mL
column volume) were purchased from GE Healthcare (Diegem,
Belgium). Trypsin from bovine pancreas (EC 3.4.21.4) was supplied
by Roche (Almere, The Netherlands). LC-MS analyses were per-
formed with ULC-MS grade acetonitrile (ACN, >99.95%) and formic
acid (FA, 99%) from Biosolve (Valkenswaard, The Netherlands).
Purified water was provided by a Millipore Milli-Q unit (Amster-
dam, The Netherlands). For the mouse oral exposure experiments,
APAP was dissolved in distilled water (Aqua B. Braun, Melsungen,
Germany).

2.2. Mouse study design

Four to six weeks old female C3H/HeN mice were pur-
chased from Harlan (Venlo, The Netherlands). Mice were specific
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pathogen-free and maintained under barrier conditions in filter-
topped macrolon cages with wood chip bedding at a mean
temperature of 23 +2°C, 50-55% relative humidity and a 12h
light/dark cycle. Drinking water and standard laboratory food
pellets were provided ad libitum. The experiments were con-
ducted according to the guidelines of, and with permission from,
the animal experiments committee of Utrecht University. The
C3H/HeN mice (n=8) received either a single dose or seven
consecutive daily doses of 300 mg/kg APAP. This dose was chosen
using the maximum tolerable dose as described in the datasheet
of the compounds and as used in previous experiments [24]. In
both experiments, the control group consisted of eight mice that
received the vehicle. The mice used in this study were part of a
larger group (n=112) that showed little variation in weight (mean
weight+SD of 21.25+1.179¢g). 17-24h following the last oral
dose, blood was drawn by cheek pouch puncture and both plasma
and serum was collected (Minicollect, Kremsmiinster, Austria) for
further analysis. Furthermore, a part of the liver was isolated, fixed
in formalin and subsequently embedded in paraffin.

Alanine aminotransferase (ALAT) and aspartate aminotrans-
ferase (ASAT) levels were analyzed in plasma samples on the
AU400® Chemistry System (Beckman Coulter Nederland B.V.,
Woerden, The Netherlands) at NOTOX B.V. (‘s-Hertogenbosch, The
Netherlands). Plasma enzyme levels of APAP treated animals were
compared to the combined control values obtained from both series
of kinetics experiments. Multiple comparisons of group means
were analyzed using one-way ANOVA with Dunnett’s as post test.
A value of p<0.05 was considered significantly different compared
to the control values. Data was analyzed using Graphpad Prism
version 5.00 for Windows (Graphpad Software, San Diego, CA,
USA).

2.3. Optimization of sample preparation protocol

The conditions of the albumin affinity chromatography, gel fil-
tration chromatography and freeze-drying steps were optimized
using standard serum albumin solutions with varying concentra-
tions in various buffers. Initial experiments were performed with
BSA or HSA; selected experiments were repeated with MSA. Recov-
eries were determined based on the Bradford assay quantification
results, which were obtained as follows. A series of calibration
solutions of 0-1.4 mg/mL were prepared of the albumin standard
used in the specific optimization experiment and in the appro-
priate buffer. The readout was performed in 96-well plates in
which 10 pL of sample or calibration standard was added to 200 p.L
Bradford reagent, in duplicate. The plates were incubated at room
temperature for 15-45 min before readout in triplicate at 595 nm
using a Victor3 1420 Multilabel Counter plate reader from Perkin
Elmer (Groningen, The Netherlands). The average absorbance of the
triplicate measurements of the duplicate calibration samples was
corrected for the blank and plotted against the concentration in
mg/mL. The unknown protein concentrations of the samples were
calculated using the linear regression equation obtained from the
calibration curve.

LC-MS separation and detection conditions were optimized
using a tryptic digest of standard MSA or NAPQI-MSA samples,
prepared similarly as described in the next sections.

2.4. Preparation of mouse serum and MSA standard samples

Ideally, 50 pL of serum from each control (n=8) and dosed
(n=8) mouse was used for analysis. In some cases, a smaller vol-
ume of serum was obtained and, therefore, all serum samples were
weighed to determine the available volume. The <50 L portions
of mouse serum were adjusted to the composition of the HiTrap
binding buffer by dilution with 950 L of 20 mM NaHPO4, pH 7.0.

Additionally, a 10 wM reference standard of MSA in binding buffer
(n=8) was simultaneously prepared and received the same treat-
ment as the serum samples.

Albumin was extracted from the mouse serum using HiTrap blue
HP columns. The MSA reference standards underwent the same
treatment in order to determine the recovery of MSA from the
affinity column. The column was equilibrated with 10 column vol-
umes of binding buffer followed by application of the sample. The
unbound proteins were removed by washing the column with 10
column volumes of binding buffer. The bound MSA was eluted with
10 mL of elution buffer, consisting of 20 mM NaHPO,4, 2.0 M Nadl,
pH 7.0. The first 3 mL of the elution step, containing the bulk of the
bound MSA, was collected and used for further treatment. The total
protein content was determined by Bradford assay as described in
the previous section.

The purified MSA was buffer exchanged to denaturation buffer
(2.0M GHCl, 50 mM NH4HCO3, pH 8.5) using NAP-25 gel filtration
columns. An improved protocol was used to avoid further dilu-
tion of the sample while maintaining a high recovery. The columns
were equilibrated with 25 mL of denaturation buffer before appli-
cation of the 3 mL sample. The protein fraction was subsequently
eluted by application of an equal volume (3 mL) of the same buffer
thereby avoiding dilution of the sample. The samples were allowed
to denature overnight at 4°C.

The following morning, the disulfide bridges in the MSA samples
were reduced by the addition of a 50-fold molar excess (50 x total
number of cysteines (36) x MSA concentration) of DTT and incuba-
tion at 50 °C for 30 min. After reduction, the samples were allowed
to cool down to room temperature and the resulting thiol-groups
were alkylated with a 75-fold molar excess of IAA (1.5-fold excess
over DTT) at room temperature and in the dark for 30 min. Sub-
sequently, a buffer exchange and desalting step was performed
using the same NAP-25 protocol mentioned above, only now Milli-
Q water was used for equilibration of the column and elution of the
protein.

The samples were concentrated by freeze-drying for 6.5 h using
a Centrivap concentrator (Labconco, Kansas City, MO, USA), which
was kept at room temperature and was connected to an automatic
freeze dryer (The VirTis Company Inc, Gardiner, NY, USA). The dried
protein samples were either stored at —20°C until further treat-
ment or directly redissolved in 250 L of 50 mM NH4HCO3 buffer,
pH 8.4, followed by digestion. Tryptic digestion was performed
overnight using optimized conditions as described elsewhere [25].
In short, trypsin was added to the samples in a protein-to-enzyme
ratio of 100:1 (w/w). The samples were subsequently incubated at
24°C overnight (~15h) followed by the addition of FA to a final
concentration of 0.1%. Finally, the IS was added to a final concen-
tration of 31.5 wM and a final volume of 350 L was obtained by
the addition of digestion buffer. The samples were either analyzed
immediately with LC-MS or stored at —20°C.

2.5. Invitro preparation of NAPQI-MSA adducts

To assess whether the cysteine 579 (cys579) residue in MSA
is accessible to reactive drug metabolites and whether adduct
formation can take place at this site, the NAPQI-MSA adduct was
prepared in vitro according to the following protocol. Synthetic
NAPQI (1 mg) was dissolved in 80 L of DMSO and 30 L of this
solution, representing a 50-fold molar excess, was added to 3 mg
of MSA reconstituted in 2.97 mL of a 10 mM PBS buffer, pH 7.4. The
adduct formation reaction was left to proceed at room temperature
for 1h before buffer exchange to PBS buffer. Five sequential gel
filtration steps were performed in order to completely remove the
excess NAPQI and prevent adduct formation to other cysteines
after reduction of the disulfide bridges. From then on, the purified
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Fig. 2. Sample preparation and analysis strategy.

NAPQI-MSA received the same treatment as the mouse serum
samples and was analyzed in triplicate.

2.6. LC-MS analysis

The digested MSA samples were analyzed with a 1200 series
Rapid Resolution LC system coupled to a 6520 QTOF mass spec-
trometer (Agilent Technologies, Amstelveen, The Netherlands),
that was controlled by the Agilent Masshunter Workstation
Acquisition software (version B.02.00). The tryptic peptides were
separated on an Agilent XDB-C18 column (50 mm x 4.6 mm, 1.8 pm
particles) that was protected by a C18 guard column (4 mm x 2 mm)
from Phenomenex (Utrecht, The Netherlands). The LC-MS settings
were based on a previously published method for the analysis
of NAPQI-HSA digests [25] and slightly modified for NAPQI-MSA
digests. In order to gain additional retention for the cys34 and
cys579 peptides, the mobile phases were changed to 2.5% ACN, 0.1%
FA in water for eluent A and 2.5% water, 0.1% FA in ACN for eluent
B. In addition, the gradient method was extended to a total run-
time of 48 min. Gradient elution was performed by holding the %
B at 0% for the first 5 min, followed by a linear increase to 40% B in
23 min. The column was then washed at 100% B for 7 min and re-
equilibrated for the next run at 0% B for 13 min. The flow rate was
set to 0.6 mL/min and the temperature of the thermostated column
compartment was maintained at 40 °C.

Using an internal switch valve, the LC flow from 4 to 28 min was
directed to the mass spectrometer, which was operated in 2 GHz,
extended dynamic range mode. The electrospray ionization source
was operated in positive mode (ESI+), the capillary voltage was set
to 3500V and nitrogen (99.9990%) was used as the drying (350 °C)
and nebulizer gas at a flow rate of 12 L/min and a pressure of 60 psig,
respectively. Profile data was acquired at a rate of 1.25 spectra/s in
data-dependent mode where the most intense ion (im/z 300-2000)
was selected for fragmentation and subsequently excluded from
fragmentation for 0.2 min. Fragmentation spectra of selected ions
were recorded over an m/z range from 50 to 2000, at a rate of 1.03
spectra/s using a fixed collision energy voltage of 20V and nitro-
gen as the collision gas. An aqueous blank sample and the HPLC
peptide standard mixture (containing 0.5 pg/mL of Gly-Tyr, Val-
Tyr-Val, Met-enkephalin acetate, Leu-enkephalin and angiotensin
Il acetate) were analyzed after every sample run to check the sta-
bility of the LC-MS system throughout the sequence. These control
samples were analyzed using a shorter method with a runtime of
22 min. During this method, the concentration B increased from 0

to 50% over the first 7 min, was held constant at 100% B for 5 min,
and finally held at 0% B for 10 min. Full-spectrum MS data (m/z
200-1500) was collected during the first 7 min of the run at a rate
of 1.03 spectra/s. The LC flow rate and ESI source conditions were
the same as described above.

2.7. Data analysis

Peak extraction (using a 20 ppm half-width m/z window) and
integration was performed with the Agilent Masshunter Qualitative
Analysis software (version B.02.00). The peak areas were normal-
ized to the peak area of the IS. The level of adduct formation was
determined by the ratio between the peak area of the NAPQI-cys
peptide divided by the total peak area of cys peptide (sum of all
charge states of the carboxymethylated and NAPQI-modified).

3. Results and discussion
3.1. Method development and optimization

Albumin is the most abundant serum protein, but only a very
small percentage is modified by reactive drug metabolites. This
means that in our mouse study the NAPQI-MSA adduct is extremely
low abundant and, adding to this challenge, it is in the presence
of a large excess of non-modified MSA. Furthermore, the NAPQI-
modification represents a very small addition of only 149.07 Da to
the large MSA protein molecule of 65.9kDa and does not have a
large effect on the protein characteristics. The difference between
the two MSA species is, therefore, too small to achieve a separa-
tion using conventional techniques. For the analysis of NAPQI-MSA
adducts in serum, a sample preparation and analysis methodology
was developed and optimized in order to deal with the low abun-
dance of the NAPQI-MSA adduct (Fig. 2). The optimization of the
various steps is discussed in some detail below.

The albumin, both NAPQI- and non-modified, was extracted
from the mouse serum by albumin affinity chromatography using
HiTrap cartridges. If available, a starting sample volume of 50 L
mouse serum was used that was adjusted to the HiTrap bind-
ing conditions by dilution with binding buffer. To determine the
optimal dilution volume, different sample volumes of 1.0-3.0mL
were evaluated, but significant differences in the recovery of BSA
were not detected (69 &+ 8%, n=8). An application volume of 1.0 mL
(recovery 71 +11%, n=4) was chosen for use in the final protocol.
Regarding the elution volume, the bulk of HSA (> 90%) eluted within



L. Switzar et al. /J. Chromatogr. B917-918 (2013) 53-61 57

HN/KD HN/KD
S - Protein
S - Protein
OH OH
3b 4b
1 2
da
3a
. — b

k e . nbetaiile, & Asiradh,

T T T T

4 5 6 7 8

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

Counts vs. Acquisition Time (min)
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Proposed structures of the regioisomeric adducts are shown in the top left corner.

the first 3.0 mL from the HiTrap cartridge, thus this was considered
as the optimum elution volume. Finally, a different buffer system
based on GHCl and NH4HCO3 at pH 8.5 was also investigated for
HiTrap binding and elution, but this led to a decreased recovery
of <50%.

The recovery of BSA and HSA from the HiTrap columns using the
standard NaHPO4 binding and elution buffers at pH 7.0 was com-
parable, 87% and 90% (n=4), respectively. However, the recovery
decreased over time with repetitive use of the columns. There-
fore, new HiTrap columns were used for the mouse serum samples.
Unfortunately, the binding of MSA to the HiTrap columns is less
efficient [26], resulting in a recovery of 594 9% (n=16). The low
recovery could easily be compensated by increasing the initial start-
ing volume of 25-50 L serum, when available. Although this also
leads to a higher concentration of non-modified MSA in the final
sample, the final concentration of NAPQI-MSA will theoretically be
in the nanomolar range (after the freeze-drying step), assuming
that ~0.1% of the total MSA is modified by NAPQI. This concentra-
tion of NAPQI-MSA is well within the detectable range.

The HiTrap albumin affinity step leads to a 60-fold dilution of the
original 50 pL of serum to 3 mL of purified albumin. To avoid fur-
ther dilution and sample losses, the standard NAP-25 gel filtration
protocol (application of 2.5 ml of sample and elution with 3.5 ml
buffer) was adapted for better alignment with the HiTrap elution
step. Therefore, the total 3.0 mL of eluted sample from the HiTrap
cartridges was applied to the gel filtration column and elution from
this column was performed with 3.0 mL of buffer. Using a 1 mg/mL
BSA solution in water, the recovery of this protocol was found to be
above 90% and with two consecutive gel filtration steps the recov-
ery was still above 85%. In order to counteract the 60-fold dilution
and increase sensitivity, the effect of a freeze-drying step on protein
stability and recovery was also investigated. After 6-h of freeze-
drying and redissolving the dried protein in a volume of 250 L, a
more than 10-fold concentration factor and a recovery of 94 4+ 6%
(n=6) were achieved.

The tryptic digestion and LC-MS conditions were optimized
previously for NAPQI-HSA cys34 adducts with respect to protein
coverage and peak area of the modified cys34 peptide [25]. These
optimized conditions also provided better results in the identifica-
tion of MSA adducts and, thus, were applied in the current study.

However, the peptides of interest containing the possible adduct
formation sites resulting from the tryptic digestion of (NAPQI-
)MSA, C34SYDEHAK and Cs79KDALA, are much shorter in length
than the cys34 peptide of HSA, ALVLIAFAQYLQQC34PFEDHVK. The
cys579 peptide still contains a lysine, but this is not considered as
a tryptic cleavage site due to the cysteine in the p2 position and
aspartic acid in p1’, as is stated for the tryptic cleavage rules in the
ExPASy database [27]. This part of the MSA sequence was also never
detected in any other form. The relatively short carboxymethylated
cys34 and 579 peptides from MSA showed little retention and
co-eluted with the IS. Therefore, some adjustments to the LC-MS
method were made for increased retention and separation of the
peptides of interest. Additionally, several peptides were tested
for use as an IS; Met-Enkephalin (YGGFM) was selected due to its
favorable retention time of 18.8 min (peak 5). With this optimized
method, the Cs4(carboxymethyl)SYDEHAK (peak 1, tg 4.9 min)
and Cs79(carboxymethyl)KDALA (peak 2, tg 11.4min) could be
separated and detected, see Fig. 3 Furthermore, two peaks were
observed for each NAPQI-cys peptide adduct, which is most likely
due to the formation of regioisomers [17], see peaks 3 and 4, a and
b in Fig. 3.

3.2. Adduct quantification

Information about the level of albumin adduct formation
present in the mouse serum is necessary in order to determine the
effect of different drug exposure regimes in the two mouse stud-
ies. Ideally, quantification of the NAPQI-MSA adduct in the samples
would be done at the protein level. However, since the resolution
between MSA and NAPQI-MSA and/or the sensitivity were simply
insufficient in MALDI-ToF MS and Orbitrap MS experiments (data
not shown), quantification could only be done at the peptide level
where the NAPQI-modified peptides are easily separated from the
non-modified species.

In order to achieve reliable quantification, an internal standard
must be used [28]. Given the large sequence homology between
albumins, a tryptic cys34 or cys579 peptide from another albumin
with a slightly different sequence would be a good choice. Unfor-
tunately, MSA is the only commercially available albumin with a
free cys579 and yields a much shorter cys34 peptide than other
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albumin species. Another possibility would be absolute adduct
quantification using a synthetically prepared NAPQI-cys34 peptide,
as applied by Damsten et al. [17]. Using a synthetic NAPQI-cys34
peptide, levels of 3-35 pmol/mL of NAPQI-HSA adducts in patient
serum were detected. However, this approach requires a labeled
reference peptide to be synthesized for each adduct, which can
be a tedious process. An extra limitation for the preparation of
reference adducts is the limited availability of reactive metabolites
since NAPQI is the only one that can be obtained commercially.

Another evaluated option was the use of a MSA reference
standard for external quantification of the NAPQI-MSA level in the
mouse serum samples. This was accomplished by comparing the
peak areas of five selected MSA peptides to the peak areas of the
corresponding peptides in the tryptic digests of the purified mouse
serum samples. This provides the total MSA concentration. Subse-
quently, a decrease in the peak areas of the non-adducted cys34
and 579 peptides in both types of samples can be assumed to be a
measure of the percentage of NAPQI-modified MSA in the mouse
serum samples. The five reference peptides were selected from the
MSA digest based on the following criteria: (1) not to contain cys-
teines in order to prevent problems with incomplete reduction and
alkylation, (2) be well distributed over the chromatogram and the
protein sequence, (3) no missed cleavages in or next to peptide
in order to prevent inaccuracies due to incomplete digestion, (4)
limited coelution with other peptides. All peptides were normal-
ized to the IS to correct for changes of MS signal intensity over time.
Using this strategy, the MSA concentration in the in vitro generated
NAPQI-MSA samples could be determined accurately at 84 4+ 14%
of the actual concentration (n=5 or 7). The adduct levels were pre-
dicted to be 40 +3% and 51 + 13% for cys34 and 579, respectively.
Unfortunately, when this strategy was applied to the serum sam-
ples from the mouse study, it suffered from matrix effects most
likely caused by the co-extraction of other serum proteins dur-
ing the albumin affinity chromatography step and the biological
variation. These phenomena result in high %RSD values making it
problematic to accurately quantify adduct levels of 0.1%.

Finally, it was decided to perform a relative quantification of the
NAPQI-MSA adduct level within each sample without the use of any
reference standard, thereby avoiding all disadvantages described
above. This was done by determination of the relative ratio between
the peak areas of all charge states of the NAPQI-cys peptide and that
of the total cys peptide peak area, which is the sum of the NAPQI-
cys and carboxymethylated-cys peptide. Hereby, it was assumed
that the ionization efficiency of both forms of the cys peptides was
similar. With this method, all samples could be subjected to quan-
tification under the same conditions and low adduct levels could
be determined.

3.3. Analysis of in vitro NAPQI-MSA

In contrast to HSA, MSA contains a second free cysteine at posi-
tion 579. No information was available about the accessibility of
this cysteine for small molecules. By in vitro incubations of MSA
with synthetic NAPQI under non-denaturing conditions, it was
shown that cys579 can also be modified with NAPQI (synthetic
labeling efficiency 79+ 1.3%), even to a higher extent than cys34
(55 £2.5%). If this adduct is also found in vivo, it could have impli-
cations for the extrapolation of drug toxicity effects in mice to
human. For both the C34(NAPQI)SYDEHAK and Cs79(NAPQI)KDALA
peptides, the formation of the later eluting regioisomer is strongly
favored over the other. Sequence analysis of the MS/MS spectra of
the ions m/z 505.69 (tg 4.9 min, C34(carboxymethyl)SYDEHAK) and
m/z 551.23 (tg 12.9 min, C34(NAPQI)SYDEHAK), shown in Fig. 4A
and B, confirms the presence of the NAPQI adduct on the cys34
position by the presence of an almost complete y-ion sequence.
Characteristic ions of the doubly (m/z 551.23) and triply charged

(m/z367.83) C34(NAPQI)SYDEHAK peptide of the other regioisomer
(tg 12.1 min) were observed, their intensity was insufficient for ade-
quate MS/MS fragmentation. Due to the short length of the cys579
peptide, the MS/MS spectra of the C579(carboxymethyl)KDALA (tg
11.4 min, Fig. 4C) and Cs79(NAPQI)KDALA (tg 15.0 min, Fig. 4D) are
more challenging to interpret, but the presence of the NAPQI-cys
adduct on position 579 could be confirmed from a partial b-ion
sequence. The identification of the Cs79(NAPQI)KDALA peptides is
further complicated by the adjacent elution of isobaric peptides
(m/z385.21, tg 14.1 and 15.2 min) with the same charge state. How-
ever, the MS/MS spectra of these ions contain a fragment ion with
m/z 147.11 characteristic of a C-terminal lysine (data not shown)
and, thus, are distinctly different peptides.

3.4. Histological and liver enzyme analysis

Hepatoxicity caused by oral exposure to APAP was determined
by both histological analysis and plasma levels of the liver enzymes
ALAT and ASAT. Blood flow in the liver runs from the portal area
toward the central veins from which blood is subsequently trans-
ported to the inferior vena cava. Previous animal experiments
showed that administration of APAP resulted in liver damage, indi-
cated by the presence of necrotic areas around the central vein areas
[29-32]. Histological examination of the mouse livers from the cur-
rent study showed similar necrotic centrilobular areas in the livers
from mice orally exposed to APAP, which could be identified by
minor cell swelling and loss of hepatic structure at this site, see
Fig. 5. Surprisingly, no clear differences in liver damage and necrotic
areas were observed between the groups that received a single or
seven consecutive exposures to APAP.

In addition to the histological analysis, serum levels of the liver
enzymes ALAT and ASAT were determined, see Fig. 6 for the result-
ing bar graphs. Serum biomarkers, such as ALAT and ASAT levels,
are generally used to indicate the presence of liver injury fol-
lowing drug exposure [32-34]. In our experiments, the level of
ALAT in plasma was significantly increased in both the single and
seven times exposed groups, which is indicative for APAP-induced
liver damage. However, this effect was not observed for ASAT lev-
els. Similar to the histological analysis, also no differences were
observed between the single and multiple dosed groups in terms
of liver enzymes. Several experiments have shown time dependent
increases in liver enzyme levels following administration of APAP.
However, there does not seem to be a clear relationship between
ALAT en ASAT levels, as exemplified by several studies performed
in animals [35,36] and humans [17,37].

3.5. Analysis of NAPQI-MSA in mouse serum samples

Finally, the optimized analysis and quantification strategy was
applied to the serum samples from the mouse study. The one- and
seven-day experiment each consisted of eight control mice and the
same number of dosed mice, resulting in the collection of 16 serum
samples for each experiment. Low-abundant NAPQI-MSA adducts
to cys34 were detected in all of the serum samples collected from
the dosed mice, of both the one-day and seven-day experiment, see
Fig. 7. In the extracted ion chromatogram (EIC) of triply charged
C34(NAPQI)SYDEHAK (m/z 367.82 at 12.7 min, Fig. 7A), a significant
difference was observed between the control and dosed mouse
serum sample. The other regioisomer of C34(NAPQI)SYDEHAK is
also present at 12.1 min, albeit at a very low intensity. No difference
was observed between control and dosed mice in the EICs of m/z
385.19, the expected m/z of the doubly charged C579(NAPQI)KDALA
(Fig. 7B). Although the cys579 residue could be modified by NAPQI
in vitro, this adduct was not detected in vivo. Reasons for this could
be a preference for modification of cys34 by NAPQI in vivo, result-
ing in a lower modification level of cys579 and possibly insufficient
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Fig. 4. MS/MS spectra of C34(carboxymethyl)SYDEHAK (A), C34(NAPQI)SYDEHAK (B), Cs79(carboxymethyl)KDALA (C) and Cs79(NAPQI)KDALA (D).

abundance for detection, or a complete absence of cys579 modifi-
cation.

The total MSA concentration in the final sample and in serum
was calculated based on the results of the Bradford assay and the
empirically established recoveries of MS after each of the sample
preparation steps, see Table 1. Liver toxicity is the ADR associated
with APAP overdose and changes in the serum albumin level could

be a first indication of a disruption in liver function. However, the
albumin levels in the APAP-dosed mice were not different from
those of the control mice, nor were there significant differences
detected between the one- and seven-day experiments.

By application of the relative quantification strategy based on
the tryptic cys34 peptides, the NAPQI-MSA adduct levels detected
in the dosed mouse serum samples of both the one- and seven-day
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Fig. 5. Histological representation of liver. Mice were exposed orally to either a single or seven consecutive doses of acetaminophen. Within 24 h of the last dose, a part of
the liver was collected and paraffin embedded sections of the liver were stained with hematoxylin and eosin. Representative sections for controls (A) and APAP (B) treated
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animals are shown. PV: portal vein, CV: central vein (magnification 4x).
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Within 24 h of the last oral dosing, serum and plasma was collected and ALAT (A) and ASAT (B) levels in plasma were determined (each bar represents the mean + SEM of
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C34(NAPQI)SYDEHAK and m/z 385.19 (B) representing the doubly charged Cs79(NAPQI)KDALA peptide.

Table 1

Summary of quantification results.
Calculated MSA values (average + stdev, n=8) 1 day 7 days

APAP Control APAP Control

Total mg MSA/mL serum 693 £ 5.3 64.3 + 8.6 56.3 £ 9.9 47.0 £ 5.0
M MSA final sample 60.3 + 54 558 +£ 7.8 57.7 +£ 10.8 489 £ 5.5
% MSA modified by NAPQI 0.20 + 0.12 0 0.21 + 0.09 0
M NAPQI-MSA final sample 0.12 £ 0.08 0 0.12 £+ 0.07 0
nmol NAPQI-MSA/mL serum 21+ 14 0 1.8+ 1.0 0
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experiment were found to be 0.20% and 0.21% of the total MSA
concentration, respectively, which represents a final sample
concentration of NAPQI-MSA in the nanomolar range (Table 1).
As expected, the detected adduct levels are extremely low, but,
due to the prolonged drug treatment, higher NAPQI-MSA adduct
levels were expected in the seven-day experiment. Surprisingly,
the detected adduct levels were similar for both mouse experi-
ments, which is in good agreement with the plasma levels of liver
enzymes and histological liver analysis. A possible explanation
of these results could be adaptation to the drug treatment after
prolonged exposure. On the other hand, the liver function may
have already been severely disrupted after a single high dose of
APAP such that prolonged exposure on seven consecutive days
did not lead to the formation of more NAPQI and subsequent
NAPQI-MSA adducts than in the one-day experiment.

The average NAPQI-MSA serum concentration was calculated
to be 2.1 and 1.8 nmol/mL serum for the one- and seven-day
experiment, respectively. These levels are 50 to 700-fold higher
than previously detected in patients after APAP overdose [17].
This disagreement may have several causes, such as inter-species
differences and the different methods used for quantification. Fur-
thermore, relatively high standard deviations were observed for
the NAPQI-MSA adduct levels. These may partly be due to vari-
ation caused by the sample preparation and analysis method, but
mainly results from the individual biological variation between the
eight mice in a treatment group. Similar to humans, each mouse is
genetically distinct and a mouse population may display the same
variation in response as a human population [38,39]. This was also
observed for the current experiment, as reflected by the physio-
logical behavior of the mice as well as the detected NAPQI-MSA
levels and standard deviations. On the other hand, great care should
always be taken when extrapolating results from in vitro exper-
iments to in vivo studies and from animal models to the human
situation. The difference in covalent drug binding sites in vitro and
in vivo, and between HSA and MSA may not be of any influence
on the observed ADRs of the two species, but, when studying the
mechanisms behind ADRs, a difference in number and absence
or presence of drug binding sites on target proteins involved in
human signaling pathways may influence the outcome signifi-
cantly.

4. Conclusion

The developed analytical strategy was successfully applied
to mouse serum samples resulting from a drug exposure study
and achieved detection and quantification of low-abundant
drug-albumin adducts despite the presence of an excess of non-
modified protein. As expected, the NAPQI-MSA adduct levels were
extremely low, approximately 0.2% of the total MSA, but, due
to the optimized strategy, the NAPQI-MSA concentration in the
final samples was still in a detectable range. Additionally, the
increased selectivity and sensitivity of the targeted methodology
allows for confirmation and characterization of the NAPQI-MSA
adduct in terms of localization of the adduct formation site.
Another advantage of the examined identification and quantifica-
tion approach is its generic nature, which permits application to
different drug-albumin adducts.
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