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Abstract The combination of ultrahigh-resolution mass spec-
trometry imaging (UHRMSI) and ultrahigh-performance lig-
uid chromatography coupled with tandem mass spectrometry
(UHPLC/MS/MS) was used for the identification and the
spatial localization of atorvastatin (AT) and its metabolites in
rat tissues. Ultrahigh-resolution and high mass accuracy mea-
surements on a matrix-assisted laser desorption/ionization
(MALDI)-Orbitrap mass spectrometer allowed better detec-
tion of desired analytes in the background of matrix and
endogenous compounds. Tandem mass spectra were also used
to confirm the identification of detected metabolites in com-
plex matrices. The optimization of sample preparation before
imaging experiments included the tissue cryogenic sectioning
(thickness 20 um), the transfer to stainless steel or glass slide,
and the selection of suitable matrix and its homogenous de-
position on the tissue slice. Thirteen matrices typically used
for small molecule analysis, e.g., 2,5-dihydroxybenzoic acid
(DHB), 1,5-diaminonaphthalene (DAN), 9-aminoacridine
(AA), etc., were investigated for the studied drug and its
metabolite detection efficiency in both polarity modes.
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Particular matrices were scored based on the strength of
extracted ion current (EIC), relative ratio of AT molecular
adducts, and fragment ions. The matrix deposition on the
tissue for the most suitable matrices was done by sublimation
to obtain the small crystal size and to avoid local variations in
the ionization efficiency. UHPLC/MS profiling of drug me-
tabolites in adjacent tissue slices with the previously opti-
mized extraction was performed in parallel to mass spectrom-
etry imaging (MSI) measurements to obtain more detailed
information on metabolites in addition to the spatial informa-
tion from MSI. The quantitation of atorvastatin in rat liver,
serum, and feces was also performed.
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Abbreviations

AA 9-Aminoacridine

AAP 3-Aminoacetophenone

AP 2-Aminopyrazine

AQ 3-Aminoquinoline

AT Atorvastatin

BuCHCA Butylamine salt of x-cyano-4-

hydroxycinnamic acid
CHCA «-Cyano-4-hydroxycinnamic acid
CID Collision-induced dissociation

DAN 1,5-Diaminonaphthalene

DHA 2,6-Dihydroxyacetophenone

DHB 2,5-Dihydroxybenzoic acid

DMAN N,N,N',N'-tetramethyl-1,8-
naphthalenediamine

EIC Extracted ion current

ESI Electrospray ionization
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FD Fragmentation degree

HCD Higher energy collisional induced dissociation
HPLC High-performance liquid chromatography
LOD Limit of detection

MALDI Matrix-assisted laser desorption/ionization
MBT 2-Mercaptobenzothiazole

MS Mass spectrometry

MSI Mass spectrometry imaging

MS/MS Tandem mass spectrometry

NaDHB Sodium 2,5-dihydroxybenzoate

QTOF Quadrupole-time-of-flight

THA 2,4,6-Trihydroxyacetophenone

UHPLC Ultrahigh-performance liquid chromatography

UHPLC/MS/ Ultrahigh-performance liquid
MS chromatography-tandem mass spectrometry

UHRMS Ultrahigh-resolution mass spectrometry

UHRMSI Ultrahigh-resolution mass spectrometry
imaging

Introduction

Atorvastatin (Fig. 1), as an inhibitor of 3-hydroxy-3-methyl-
glutaryl reductase, belongs to the group of statins used in
hyperlipidemia therapy [1] and is the best-selling drug in
history. Most published articles are related to its determination
in biological samples [2, 3], the characterization of its metab-
olism [4, 5], and the description of its oxidative degradation
products [6, 7]. Atorvastatin analytical characterization and
pharmaceutical and medical effects are described as well [1,

AT aryl hydroxylation
Atorvastatin (AT) NH OH
HO n/ AT B-oxidation
COOH 0 COOH

on 4 >
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SAMPLES tissues (liver, kidney, brain, heart)
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addition sublimation| addition,|
DATA MALDI-MS MALDI-MSI UHPLC/MS/MS
ACQUISITION |[(standards, extracts (tissues) | |(standards, extracts)
DATA identification of AT metabolites,
localization of AT and its metabolites,
EVALUATION AT quantitation

Fig. 1 Chemical structure of atorvastatin (47) and two most important
AT metabolites in rat (fop) and scheme of our experiment workflow
(bottom)
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2]. The choice of suitable analytical technique for the sample
characterization in the area of medical and pharmaceutical
research is an important task. The coupling of separation
techniques and mass spectrometry (MS) is usually used for
the analysis of body fluids [8], but this technique is unable to
localize the spatial distribution of particular compounds in
studied tissues and organs. The visualization of biological
tissues is usually done by optical microscopy after various
histological stainings with acidic or basic stains, immunohis-
tochemistry, or fluorescence microscopy. However, the
imaged species are observed indirectly without the molecular
specificity. These techniques can only be used in a targeted
manner for known compounds, but only a limited number of
target compounds can be visualized from a given sample at the
same time [9]. MS imaging (MSI) allows the label-free detec-
tion and the mapping of wide range of biological compounds
in one analysis based on the direct measurement of m/z values.
Several ionization techniques can be used for MSI, e.g.,
matrix-assisted laser desorption/ionization (MALDI) [9-11],
desorption electrospray ionization [12], secondary ion mass
spectrometry [13, 14], and other desorption ionization tech-
niques. Most widespread MSI scanning method is MALDI
with a prominent role in the analysis of synthetic polymers
[15] and biopolymers [16], such as proteins, peptides, oligo-
nucleotides, and oligosaccharides since its introduction by
Hillenkamp and Karas [17]. Nowadays, the MALDI is also
considered in the area of small molecule analysis [10, 18-20].
The successful application of this technique is, however,
hampered by low molecular weight matrix-derived interfer-
ence signals and poor reproducibility of signal intensity aris-
ing from the difficulty of uniform matrix deposition. Several
strategies for the improvement of MALDI-MSI performance
for small molecules were developed, e.g., the use of high
molecular weight matrices [19], solvent-free matrix deposi-
tion [21], cationization agents [19], ion-less matrices [22],
matrix-free approaches [23], or tandem mass spectrometry
(MS/MYS) strategies [24]. Another possibility to filter matrix-
derived signal is the use of ultrahigh-resolution mass spec-
trometry (UHRMS) [11, 25-27], such as Orbitrap or ion
cyclotron resonance mass analyzers. In addition to matrix
interferences, signals of endobiotic or better endogenous com-
pounds (mainly lipids) with m/z values close to ions of desired
drug or its metabolites can be present in mass spectra of
biological tissues. Their insufficient separation can provide
false-positive results and distorts pharmaceutical studies.

In our work, ultrahigh-resolution MALDI tandem mass
spectrometer linear trap quadropole (LTQ) Orbitrap XL was
used to localize atorvastatin and its metabolites in selected rat
tissues. The application of ultrahigh-performance liquid chro-
matography (UHPLC)/electrospray ionization (ESI)-MS/MS
of adjacent tissue slides was performed in parallel to verify the
presence of metabolites and quantify atorvastatin (AT) in
studied rat samples. The model for evaluation of individual
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matrices for small molecule analysis was developed and ap-
plied for the analysis of AT and its metabolites.

Materials and methods
Chemicals and reagents

Atorvastatin (3R,5R)-7-[2-(4-fluorophenyl)-3-phenyl-
4-(phenylcarbamoyl)-5-propan-2-ylpyrrol-1-yl]-3,5-
dihydroxyheptanoic acid) calcium trihydrate was purchased
from the European Directorate for the Quality of Medicines &
HealthCare Council of Europe (Strasbourg, France).
Atorvastatin-d5 was purchased from Toronto Research
Chemicals (Ontario, Canada). Acetonitrile, methanol, acetic
acid, ammonium acetate, sodium formate, and all studied
matrices (2,5-dihydroxybenzoic acid (DHB) and its sodium
salt (sodium 2,5-dihydroxybenzoate (NaDHB)), 1,5-
diaminonaphthalene (DAN), 2-mercaptobenzothiazole
(MBT), 9-aminoacridine (AA), 3-aminoquinoline (AQ),
N,N,N’,N'-tetramethyl-1,8-naphthalenediamine (DMAN),
2,6-dihydroxyacetophenone (DHA), 2,4,6-
trihydroxyacetophenone (THA), 2-aminopyrazine (AP), 3-
aminoacetophenone (AAP), x-cyano-4-hydroxycinnamic ac-
id (CHCA), and butylamine salt of «-cyano-4-
hydroxycinnamic acid (BuCHCA)) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Deionized water was
prepared with Demiwa 5-roi purification system (Watek,
Lede¢ nad Sazavou, Czech Republic).

In vivo experiment design
Animals

Males of laboratory rats (Wistar Han II, average weight 255+
12 g) were purchased from the breeding facility Velaz (Kolec,
Czech Republic). Atorvastatin was administered orally using
the gastric gavage in the dose of 100 mg/kg of body weight
(diluted in 0.5 % methylcellulose). The physiological saline
solution was orally administered in case of control group
(average weight 23549 g). Animals were placed into meta-
bolic cages for the collection of urine and feces. Rats were
sacrificed in halothane inhalation anesthesia 3.5 h after the
drug administration, and plasma, urine, tissue samples (brain,
heart, kidney, and liver), and the content of intestine (feces)
were collected. All samples were stored at —80 °C before the
sample preparation. The study was approved by the Institu-
tional Review Board of the Animal Care Committee. Animals
were held and treated in accordance with the European Con-
vention for the Protection of Vertebrate Animals Used for
Experimental and Other Scientific Purposes (Council of
Europe 1986). Rat tissues were sectioned at 20-pm thickness
using Leica CM1950 cryostat microtome (Leica

Microsystems, Wetzlar, Germany) before MALDI-MSI ex-
periments. Adjacent tissue slides of 60 pm were obtained
and subsequently subjected to UHPLC/MS analysis.

Sublimation matrix deposition [28]

Each tissue slide for the imaging experiment was immediately
thaw-mounted onto stainless or microscopic glass plate and
placed on the bottom side of sublimation condenser. The
matrix deposition was performed in a modified sublimation
apparatus (Chemglass Life Science, Vineland, NJ) with a
constant vacuum of 0.03 mbar. The stable vacuum was ob-
tained using the rotary pump Edwards E2M28 (Edwards,
Crawley, UK) supplemented with the solenoid valve DN15
(Vacuubrand, Wertheim, Germany) and controlled by the
vacuum controller CVC 3000 (Vacuubrand). The sublimation
time and temperature obtained in oil bath differed for partic-
ular used matrices (details in Table 1). Our experimental setup
for the sublimation deposition is shown in the Electronic
Supplementary Material (Fig. S1).

Extraction of AT and metabolites

Tissue slides of 60-pum thickness were transferred to tempered
vials. The weight of tissue slice was between 6 and 12 mg
depending on the particular organ or tissue section. The ex-
traction of AT and its metabolites from rat tissues was done by
the addition of 2 ml mixture of methanol-water (9:1, v/v). Of
the same solution mixture, 4 ml was added to 202 mg of rat
feces and 4 ml of pure methanol was used in case of other rat
samples involving 1 ml of serum and 0.5 ml of urine, respec-
tively. The internal standard AT-d5 was dissolved in methanol
and added to all samples before the extraction procedure. All
samples were further homogenized and centrifuged at
3,000xg for 5 min. Supernatants were evaporated to dryness
using the nitrogen stream. Dry samples were quantitatively

Table 1 Sublimation parameters of five matrices evaluated as best can-
didates for AT and its metabolites in MSI experiment. Constant vacuum
of 0.03 mbar was used in all cases

Matrix Sublimation  Deposited Signal intensity of [M+H]"
parameters amount or [M—H] in MSI (AT,
[ng/em?] metabolites)
T Time Positive-ion Negative-ion
[°C] [min] MALDI MALDI
DHB 140 4.0 213 Excellent No
DAN 140 3.5 197 Very low Excellent
MBT 140 3 256 Low No
AA 190 10 144 No Good
CHCA 180 15 155 Good No
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dissolved in 300-pl mixture of acetonitrile—water (50:50, v/v)
and injected into the UHPLC/MS system. Samples of rat feces
were diluted 1,000x before the analysis to provide an adequate
signal within the linear range of calibration curve.

MALDI mass spectrometry

Mass spectra for profiling and imaging experiments were
measured using ultrahigh-resolution MALDI mass spectrometer
LTQ Orbitrap XL (Thermo Fisher Scientific, Waltham,
MA, USA) equipped with nitrogen UV laser (337 nm, 60 Hz)
with a beam diameter of about 80 umx100 um. The LTQ
Orbitrap instrument was operated in both positive-ion and
negative-ion mode over a normal mass range (m/z 100—
1,000). Tuning parameters were optimized individually for
used matrices. The number of laser shots and power was
determined based on tests performed with automatic gain
control turned-on on a small area of testing tissue slide (target
value was set to 5.10%).

Selection of suitable matrices

The suitability of matrices was compared on standards and
extract from tissue samples to achieve the strongest signal of
AT in positive- and negative-ion mode. Matrices were dis-
solved in methanol or acetonitrile-water mixture (9:1, v/v) to
provide the concentration of 20 mg/ml and mixed in various
analyte/matrix molar ratios with the AT standard (1:10, 1:50,
1:100, 1:500, 1:1,000) or the tissue extract. Dried droplet
crystallization was used for the sample deposition on the target
plate. The deposited amount of samples was 0.7 ul. The
survey crystal positioning system was set for the random
choice of shot position by automatic crystal recognition. For
one measurement, 32 laser shots (4 microscans/scan, 8 laser
shots per microscan) at 16 different positions were accumu-
lated to achieve a reproducible signal. Each sample (spotted
matrix and AT molar ratio mixture) was prepared three times
and measured in both MALDI-MS polarity modes.

UHRMSI experiments

All experiments were performed with the automatic gain
control turned off to achieve the identical number of laser
shots for each pixel. The step size of the sample was set to
150-200 pm for the full scan mass spectra measurement and
300 um for MS/MS. Four microscans were summed for each
mass spectrum (each pixel). The mass resolution was set to
R=100,000 (full width at half maximum definition, at m/z
400) for full scan mass spectra and 30,000 for MS/MS expe-
riments. Mass spectra were internally calibrated using the lock
mass feature of the instrument using known matrix ions (m/z
273.0394 [2xMpyg—2xH,0+H]" for DHB and m/z
315.1615 [2xMpan—H] for DAN). The isolation width
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Am/z 1, normalized collision energy 25 %, activation Q value
0.250, activation time 30 ms, and helium as the collision gas
were used for collision-induced dissociation (CID) experi-
ments in LTQ linear ion trap. For higher energy collisional
induced dissociation (HCD), 35 % normalized collision ener-
gy was applied. Mass spectrometric images were generated
using a tissue imaging visualization software ImageQuest
1.0.1 (Thermo Fisher Scientific).

UHPLC/MS/MS conditions

Ultrahigh-performance liquid chromatography-tandem mass
spectrometry (UHPLC/MS/MS) chromatograms of samples
were measured using ESI on a hybrid quadrupole-time-of-
flight mass analyzer (micrOTOF-Q, Bruker Daltonics,
Germany). UHPLC was performed on an Agilent 1290 Infin-
ity liquid chromatograph (Agilent Technologies, Santa Clara,
CA, USA) using Zorbax Eclipse C18 column 150%2.1 mm,
1.8 um (Agilent Technologies), temperature 25 °C, flow rate
0.4 mL/min, and injection volume 1 pL. The mobile phase
consisted of 0.5 mmol/L ammonium acetate adjusted to pH
4.0 (A) and acetonitrile (B). The linear gradient was as fol-
lows: 0 min—50 % B, 6 min—56 % B, 9 min—95 % B, and
finally washing and reconditioning of the column. The
quadrupole-time-of-flight (QTOF) mass spectrometer was
used with the following setting of tuning parameters: capillary
voltage 4.5 kV, drying temperature 220 °C, and flow rate and
pressure of nitrogen were 8 L/min and 1.3 bar, respectively.
The external calibration was performed with sodium formate
clusters before individual measurements. ESI mass spectra
were recorded in the range of m/z 50-1,000 in positive-ion
and negative-ion modes. The isolation width Am/z 4 and the
collision energy 20-30 eV using argon as the collision gas
were used for MS/MS experiments.

UHPLC/MS quantitation experiments

The stock solution of atorvastatin 0.27 mmol/L was prepared
by dissolving the accurately weighed reference in methanol.
The stock solution was further diluted 1:100, 1:300, 1:500,
1:700, 1:1,000, 1:2,000, 1:3,000, and 1:5,000 by mobile phase
used at the initial step of gradient elution—acetonitrile, am-
monium acetate buffer 0.5 mM, pH 4.0 (50:50)—to get indi-
vidual points of calibration curve in the range 54 nmol/L—
2.7 umol/L. The internal standard AT-d5 was further added to
all standard solutions (0.3 pmol/L). The calibration curve for
AT (Fig. S2, Electronic Supplementary Material) was
conducted in triplicate at eight concentration levels
(Table S1, Electronic Supplementary Material) and con-
structed by plotting the ratio between the integrated areas
of analyte peaks vs. the IS peak.
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Results and discussion

The scheme of our drug metabolism experiment is shown in
Fig. 1. Selected tissues, serum, urine, and feces of rats eutha-
nized 3.5 h after the oral administration of AT suspension
(100 mg/kg of body weight) together with appropriate blank
samples were obtained for this study. The sample preparation
included the tissue cryogenic sectioning, extraction, and fil-
tration. MALDI-MS measurement with the aim to find the
best matrix for the subsequent MALDI-MSI in both polarity
modes was performed. UHPLC/ESI-MS was applied for the
analysis of extract to reveal present AT metabolites in rat
biotransformation samples. Adjacent tissue slides were ana-
lyzed for each rat organ to obtain accurate quantitative infor-
mation for the correlation with the spatial distribution obtained
by MSI. The optimization of UHPLC/ESI-MS separation
conditions and the matrix selection for MALDI was done with
AT standard and the extract of rat liver tissue, where the most
of AT metabolites were expected. The mass resolution higher
than 100,000 as well as sub-parts per million mass accuracy of
Orbitrap mass analyzer enabled to distinguish AT-related ions
from the matrix and endogenous compound ions with similar
m/z values, e.g., lipids. In addition, the fragmentation using
two different approaches, CID and HCD, was performed to
identify metabolites.

UHPLC/MS of AT metabolites in selected rat tissues, body
fluids, and feces

Separation conditions optimized in our previous article [5]
were applied for qualitative and quantitative UHPLC/MS
analyses of all studied rat biotransformation samples. The
combination of optimized reversed-phase UHPLC separation
with subsequent high mass accuracy measurements in full
scan and tandem mass spectra using QTOF analyzer was
sufficient for the identification of all compounds. The
presence of AT metabolites identified in rat in vivo experiment
(see Table 2) was in accordance with previously performed
in vitro study, i.e., 3-oxidation (M2, M3), aromatic hydroxyl-
ation on phenylaminocarbonyl part (M1 and M3), AT lactone
(M4), and glycol formation (M5). 3-Oxidation was the pre-
vailing metabolic pathway. The quantitation of initial com-
pound was performed using the addition of deuterated internal
standard (AT-d5) into all calibration solutions and rat tissue
samples before the extraction procedure. The calibration curve
is shown in the Electronic Supplementary Material (Fig. S2).
Concentrations of AT in rat liver, plasma, urine, and feces are
listed in Table S2 (Electronic Supplementary Material). The
limit of detection (LOD), 30 nmol/L, was determined based
on S/N ratio by the injection of smallest concentration of
standard AT to provide S/N=5. The high concentration of
AT in feces showed that the drug is eliminated mainly through
the intestine in accordance with previously published data [4]

and MALDI-ultrahigh-resolution mass spectrometry imaging
(UHRMSI) experiments (see “MALDI-UHRMSI experi-
ments” section).

Selection of suitable matrices

Thirteen matrices for the small molecule analysis, i.e., AA,
AAP, AP, AQ, BuCHCA, CHCA, DAN, DHA, DHB,
DMAN, MBT, NaDHB, and THA, were tested in both polar-
ity modes with drug standards to select the best candidates for
MALDI-MSI experiments. The optimal signal was obtained
for atorvastatin/matrix molar ratio 1:100 for all matrices. The
signal of all important ions related to AT, i.e., m/z 559 [M+
H]', m/z 581 [M+Na]', m/z 597 [M+K]", and their product
ions at m/z 466 and m/z 440 for the positive-ion mode or m/z
557 [M—H] together with product ions at m/z 453, m/z 397,
and m/z 2778 for the negative-ion mode were considered for the
data evaluation. Structures of fragment ions or neutral losses
associated with their formation were described in our previous
work [5]. Table 3 shows results obtained for all tested matrices
and includes average extracted ion currents of all above-
mentioned AT-related ions with their M+1 and M+2 isotopes
(extracted ion current (EIC)47), their percentage ratio of the
total ion current (EIC A1 * 100/ TIC), the fragmentation degree
(FD, the ratio between EIC of AT product ions and EICAr
multiplied by 100), and particular standard deviations from
three different measurements (see experimental part). Finally,
the score illustrating the matrix suitability for MALDI-MS
measurements of AT was calculated according to the follow-
ing equation: Score=(EIC Ar)* x(100—FD)/TIC. In general,
the higher signal and percentage ratio of AT-related ions result
in higher score and therefore better matrix suitability. On the
contrary, the higher fragmentation yields the lower score. All
score values were divided by the highest score value for each
polarity mode, multiplied by 10,000, and the logarithm of all
values was calculated to obtain four logarithmic sectors for
better visualization of differences among tested matrices (see
Table 3). Figure 2 created based on these modified score
values shows two-dimensional map of matrix suitability for
AT ionization and illustrates that matrices are suitable either
for positive-ion or negative-ion MS analysis. The highest
value, 4, of this modified score represents the best, 3 means
good, 2 is weak, and 1 means bad matrix suitability for AT
analysis. No tested matrix provided an excellent signal of AT
ions in both polarity modes. When the higher laser energy is
applied, AT also provides a low signal without the matrix
application, but the excess of fragmentation including unusual
AT product ions is observed. Most suitable matrices with
regard to AT and its metabolite signal enhancement were
DHB and CHCA, but relatively good score showed also
MBT, BuCHCA, NaDHB, and THA for positive-ion
MALDI-MS (Table 3). The higher fragmentation of protonat-
ed molecules yielding characteristic product ions at m/z 440
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Table 2 List of main peaks for atorvastatin in vivo biotransformation
samples detected by UHPLC/MS/MS and MALDI-MSI with their reten-
tion times (#g), molecular weights (MW), the elemental composition, the

description of present metabolites, and the list of rat samples containing
particular metabolites (MALDI-MSI was used only for tissue samples)

No. tr [min] MW  Elemental composition  Description of metabolic reaction =~ Metabolites in rat samples
UHPLC/MS/MS MALDI-MSI
Mla 1.55 574 C33H35FN>Ogq AT hydroxylation Liver, feces Liver
MIlb  3.03 Liver, feces, serum
M2 8.22 498 C31H3,FN,O3 [3-oxidized AT Liver, heart, kidney, feces, serum  Liver, kidney, heart
M3a  3.58 514 C3,H3,FN,O4 [3-oxidized AT, hydroxylation Liver, feces, serum Liver, kidney, heart
M3b 771 Liver, heart, kidney, feces, serum
M4 6.59 540 C33H33FN,Oy4 AT lactone Liver, feces Liver
M5 5.79 542 C33H35FN,Oy4 AT glycol Liver, feces, serum Liver
AT 3.60 558 C33H35FN,Os5 Initial drug Liver, feces, serum Liver

and 466 was observed in case of two hot matrices, CHCA or
MBT. The extensive fragmentation can lead to significant
decrease of intensity of protonated molecules, and for this
reason, DHB was preferred for further MSI experiments.
The application of DAN provided the best results in the
negative-ion MALDI mode. The good signal of AT was also
provided for AA, AQ, and DMAN. Particular matrices were
also tested on rat liver extract. Results were in accordance with
experiments with AT standard. Some matrices, such as
DMAN, THA, DHA, and AQ, are not stable enough in
vacuum for longer time, and their application can be considered
only in short-time experiments. These matrices start to

evaporate in the ion source during the time-consuming
UHRMSI experiments with Orbitrap mass analyzer (the pres-
sure in the ion source was 0.01 Torr). In general, AT and its
metabolites can be measured using both polarity modes (see
Table 3). The higher sensitivity was obtained for DHB as
matrix in positive-ion mode, and this matrix is also safer for
the manipulation compared to DAN as a potential carcinogen.

MALDI-UHRMSI experiments

Several subsequent slices for each tissue section were
measured to verify the repeatability. All MS images

Table 3 List of average EICs of AT-related ions, their average relative intensities (EIC o1 x 100/TIC), fragmentation degree (FD), score, and modified
score for tested samples (AT/matrix molar ratio 1:100) in both polarity modes (see “Selection of suitable matrices” section for more information)

MALDI positive-ion MS mode

MALDI negative-ion MS mode

T ey 10 B 0 Lo G R0 A g [0 Lok
(1] (%] (1] [%]
DHB 10 13810 67+6 47+9 490,038 4.0 DAN 6 106+4 48+2 23+3 391,776 4.0
CHCA 6 816+63 49+1 88+2 479,808 4.0 AA 12 20+4 56+2 10+3 100,800 3.4
BuCHCA 8 5144 45+4 66+£9 78,030 3.2 AQ 12 16+3 37+9 41+£3 34,928 3.0
MBT 12 131437 18+3 81+2 44,802 3.0 DMAN 12 74+0.8 3543 2243 20,202 2.7
THA 12 24+1 314 45+11 40,920 29 DHA 15 5.8+1.1 16+3 4.6+1.1 82853 24
NaDHB 12 16+6 31+£5 41+£8 29,264 2.8 AP 15 3.0£04 19+2 41£13 3,363 1.9
DAN 6 54+7 11+1 T7£5 13,662 2.4 AAP 15 3.5+£09 2743 70+4 2,835 1.9
DHA 12 82+09 22+1 70£1 5412 2.0 CHCA 6 52+0.8 1.0+£0.1 26+9 385 1.0
AQ 12 9.9+2.4 11«1 58+8 4,574 2.0 NaDHB 15 1.1+0.2 5.1+£1.8 78=+1 123 0.5
AP 15 32+1.1 10+1 83+2 544 1.0 DHB 12 1.0£0.1 1.3+0.04 5.5+04 123 0.5
AAP 15 7.3+3.8 4.0+0.6 85+£5 438 1.0 MBT 12 2.3+0.7 1.6+0.5 67+8 121 0.5
AA 10 2.1+04 2.7+£0.8 73+3 153 0.5 BuCHCA 8 0.6+0.02 1.7+0.5 25+9 77 03
DMAN 12 2.0+04 19+0.2 64+8 137 0.4 THA 12 0.6+0.04 1.1+£0.1 14=+1 57 0.2
No matrix 20 1.0+0.5 6.1£0.2 871 79 0.2 No matrix 20 0.8+0.1 13=+1 96+0.1 42 0.0
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Fig. 2 Two-dimensional map illustrating matrix suitability for MALDI-
MS analysis of AT in both polarity modes. Horizontal lines show log
(10%xscore/score ) values (see Table 3) and the matrix suitability (best,
good, weak, or bad) for the positive-ion MALDI, while vertical lines
show the same for the negative-ion MALDI

represented EICs of m/z values were reconstructed with
mass tolerance Am/z 0.005. The matrix coating was per-
formed by the sublimation. Particular parameters of sub-
limation (temperature, pressure, and time) were optimized
in order to achieve homogenous but not too thick layer of
matrix. The sublimation of five different matrices that
provided the best signal with AT standard and rat liver
extract was performed on liver tissue slices to verify their
suitability. Particular sublimation parameters for these
tested matrices are shown in Table 1. Results were in
agreement with matrix testing on the standard, and the
application of DHB for MALDI positive-ion and DAN for
MALDI negative-ion mode was evaluated as the best
matrices for AT and its metabolite localization in rat
tissues. Both matrices were also tested in opposite polar-
ities, but markedly decreased sensitivity was observed in
case of DAN (positive-ion mode) and no AT-related ions
were found for DHB in negative-ion mode (Table 1). The
benefit of used matrices is their suitability for MS imag-
ing in lipidomics [29]. Lipids can be visualized simulta-
neously with studied hypolipidemic drug and its metabo-
lites within one run. The application of identical matrices
as for lipid analysis is also in agreement with the hydro-
phobic character of AT. The visualization of particular
ions has been performed using the rainbow color scheme
(Fig. 3), where the peak intensity is color coded: blue and
green colors represent a lower intensity, while red and
orange colors are used for the higher intensity. Intensity

values at minimum and maximum are written above
particular images. MALDI-UHRMSI showed a homogenous
distribution of AT and its metabolites in rat liver. Examples of
rat liver images involving EIC of protonated or deprotonated
molecules of AT and (3-oxidated AT [5] are shown in Fig. 3A.
The concentration of AT in rat liver evaluated from parallel
UHPLC/MS quantitation analysis of adjacent tissue slides was
about 20 mg/kg (see Table S2, Electronic Supplementary
Material). Among other metabolites, hydroxylated atorvastatin,
[3-oxidated AT, AT glycol, and lactone were detected. The
homogenous distribution of AT and its metabolites was also
found in rat heart. On the contrary, no AT and its metabolites
were found in rat brain. Two different sections were measured
for MSI of rat kidney. The excess of renal veins and arteries
was present in the first measured section, while the second
section included strictly differentiated kidney cortex and
medulla parts (see Fig. 3B, C). The distribution study in rat
kidney showed the absence of AT, but (3-oxidated metabolites
were found mainly in kidney cortex or in the area of veins and
arteries. Negligible concentration of AT metabolites in kidney
medulla and urine confirmed that the major route of AT
extraction is through the intestine (high concentration of AT
was found in feces, see Table S2 in the Electronic Supplementary
Material). The drug is eliminated primarily in bile after hepatic
and extrahepatic metabolism. In comparison to AT, drugs with
better water solubility, e.g., imatinib studied by Spengler group
[11], are concentrated mainly in kidney medulla. The presence of
all identified metabolites in MALDI-MS images was in
accordance with parallel UHPLC/MS measurement of adjacent
tissue slices.

Importance of ultrahigh-resolution and tandem mass spectra
measurement in MSI

Ultrahigh-resolution and mass accuracy of Orbitrap analyzer
enabled to reveal AT and its metabolites in the complex
mixture of ions belonging to matrix and endogenic com-
pounds. Figure 4A shows the average mass spectrum for rat
liver images recorded in the positive-ion mode. The zoomed
region around m/z 559 shows 12 peaks in the mass window of
0.27 m/z. Despite the high number of other ions, AT-
protonated molecule at m/z 559.2609 is clearly distinguished
from other ions, even in the case of the ion at m/z 559.2692
with very close m/z value (minimum mass resolution to dis-
tinguish these two peaks is 67,000). The similar situation is
evident in case of protonated molecule of AT metabolite M3
(-oxidation and hydroxylation of AT) illustrated in zoomed
mass range around m/z 515. The power of ultrahigh-resolution
Orbitrap analyzer is demonstrated on the extracted ion current
of m/z 515.2344 in the rat kidney measurement. Two MS
images of this ion were reconstructed with different mass
tolerance of Am/z 0.005 and Am/z 0.5 (Fig. 4B). The com-
parison demonstrated that false-positive results would be
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Fig. 3 Optical and MALDI-UHRMS images. A EICs of protonated and
deprotonated molecules of AT and (3-oxidated metabolite M2 in rat liver
tissue slice (positive-ion mode with DHB matrix, negative-ion mode with
DAN matrix). B Optical and MS images (EICs of [M2+H]" and [M3+H]")

obtained in case of the application of mass analyzer with
insufficient mass resolution. In general, MS images in
positive-ion mode (DHB matrix) contain more complex spec-
tra compared to negative-ion mode (DAN), but the application
of ultrahigh-resolution as well as high mass accuracy is nec-
essary to avoid false-positive results in both polarity modes.
All peaks corresponding to AT metabolites contained no in-
terference ions and provided narrow peaks corresponding to
applied resolution (R=100,000). However, widened peaks,
originated from two ion superpositions, were observed for
some other ions as evident in Fig. 4A. The drawback of
ultrahigh-resolution Orbitrap MS imaging is that the scan
speed markedly decreases compared to low-resolution mea-
surements. The scan rate is at maximum 1 Hz (R=100,000) or
even less in case of high averaging used to obtain reproducible
spectra. Due to this fact, only 200-um lateral resolution was
used because it was sufficient to localize AT and its metabo-
lites in studied tissues. Tandem mass spectra of protonated
molecules of AT and all present metabolites were acquired to
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of rat kidney tissue slice (kidney section 1). C Optical and MS images
(EICs of [M2+H]" and its product ion at m/z 380) of rat kidney tissue slice
(kidney section 2)

verify compounds’ origin. Product ions can be even present in
full scan mass images with respect to used matrix and ioniza-
tion parameters (laser energy and type of laser). The identical
distribution of precursor and product ions confirmed the me-
tabolite origin, which is shown on the example of 3-oxidated
AT metabolite at m/z 499 and its product ion at m/z 380 in rat
kidney section (Fig. 3C).

Conclusions

In this work, we have performed the parallel application of
UHPLC/MS and MALDI-UHRMSI to identify, quantify, and
localize AT and its metabolites in various rat organs. UHRMSI
experiments showed an excellent correlation with parallel
UHPLC/MS measurements of adjacent tissue slices. Among
13 tested matrices, the sublimation deposition of DHB matrix
for positive-ion MS imaging and DAN matrix for negative-ion
MS imaging provided the best results with respect to score
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values calculated based on AT-extracted ion currents, the
percentage ratio of AT-related ions, and their fragmentation
degree. In general, the application of these matrices is useful in
lipid distribution studies and lipid-related drugs, such as AT.
The homogenous distribution of AT and its metabolite, i.e., [3-
oxidation, aromatic hydroxylation on phenylaminocarbonyl
part, AT lactone, and glycol formation, was found in rat liver.
AT concentration was determined 20 mg/kg in rat liver using
UHPLC/MS measurement of adjacent tissue slices. MALDI-
UHRMSI of rat kidney showed that AT metabolites are con-
centrated mainly in kidney cortex and around renal veins and
arteries. Negligible amount of AT metabolites was found in
kidney medulla. The high concentration of AT and the number
of AT metabolites were found in rat feces, which confirmed
that AT metabolites are transported in blood, and the major
elimination route is through the bile after the hepatic metab-
olism. The experiment also showed the importance of
ultrahigh-resolution mass analyzer for MSI of small

5000
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molecules. Interferences in close m/z region originated from
matrix and endogenic compounds and the visualization of
these interferences instead of or together with desired ions
can provide false-positive results. The minimum mass resolu-
tion required to distinguish AT-related compounds from inter-
ferences was calculated 67,000 for positive-ion mode and
12,000 in case of negative-ion mode based on detailed spectra
interpretation in our experiment, which shows that the
negative-ion mode is more suitable in case of lower resolution
analyzer application. High mass accuracy, resolution, tandem
mass spectra measurement, or possible use of non-conductive
MALDI plate can be mentioned among benefits of MALDI-
Orbitrap-MS configuration. On the other hand, the data ac-
quisition time is the most significant limitation in case of
Orbitrap application. UHRMSI is recommended for applica-
tions, where the benefit of ultrahigh-resolution mass spectra
outperforms the limitation of longer acquisition time, i.e., drug
metabolite studies.
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