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Abstract Ultrahigh-performance liquid chromatography
coupled with high-mass-accuracy tandem mass spectrometry
(UHPLC–MS–MS) has been used for elucidation of the struc-
tures of oxidation products of atorvastatin (AT), one of the
most popular commercially available drugs. The purpose of
the study was identification of AT metabolites in rat hepato-
cytes and comparison with electrochemically generated oxida-
tion products. ATwas incubated with rat hepatocytes for 24 h.
Electrochemical oxidation of AT was performed by use of a
three-electrode off-line system with a glassy carbon working
electrode. Three supporting electrolytes (0.1 mol L−1 H2SO4,
0.1 mol L−1 HCl, and 0.1 mol L−1 NaCl) were tested, and
dependence on pH was also investigated. AT undergoes oxi-
dation by a single irreversible process at approximately +
1.0 V vs. Ag/AgCl electrode. The results obtained revealed a
simple and relatively fast way of determining the type of
oxidation and its position, on the basis of characteristic neutral
losses (NLs) and fragment ions. Unfortunately, different
products were obtained by electrochemical oxidation and
biotransformation of AT. High-mass-accuracy measure-
ment combined with different UHPLC–MS–MS scans,
for example reconstructed ion-current chromatograms,
constant neutral loss chromatograms, or exact mass

filtering, enable rapid identification of drug-related com-
pounds. β-Oxidation, aromatic hydroxylation of the
phenylaminocarbonyl group, sulfation, AT lactone and
glycol formation were observed in rat biotransformation sam-
ples. In contrast, a variety of oxidation reactions on the con-
jugated skeleton of isopropyl substituent of ATwere identified
as products of electrolysis.
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Introduction

Atorvastatin (Fig. 1), an inhibitor of 3-hydroxy-3-methyl-
glutaryl-CoA reductase, belongs to the group of statins used
in hyperlipidemia therapy [1]. AT has been, and still is, one
of the most popular commercially available drugs (the best-
selling drug in the history). Most published articles are
related to its determination in biological samples [2–5],
characterization of its metabolism [6–13], and description
of its oxidative degradation products [14, 15].

Study of drug metabolism is a crucial task in pharmaceutical
research. In-vitro and in-vivo experiments based on enzymati-
cally catalyzed reactions are usually performed for simulation
of oxidative or reductive metabolism [16–18], but on-line or
off-line electrochemical oxidation or reduction can also be
helpful for prediction of possible metabolites without the use
of laboratory animals [19–28]. Glassy carbon or precious
metal (Pt, Au) electrodes are used as working electrodes in
electrochemical generation of oxidation products [27, 29] and
the mercury-pool electrode can be used for generation of
reduction products. Electrochemical oxidation has been
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successfully used for simulation of the phase I metabolism of
several pharmaceutical compounds, e.g., tetrazepam [19],
paracetamol (acetaminophen) [30–32], and clozapine [30,
33, 34]. Formation of phase II metabolites can also be achieved
in the presence of a specific enzymatic or non-enzymatic cata-
lyst, for example, enzymatically catalyzed formation of the
glutathione conjugate of toremifene, a selective estrogen recep-
tor modulator, by use of glutathione-S-transferase, was
performed in an on-line electrochemical system [26]. In gener-
al, electrochemical prediction of biological oxidative processes
can be used for all compounds predisposed to oxidative or
reductive reactions, mainly for environmentally and pharma-
ceutically important compounds. In addition, electrochemical
generation followed by purification (preparative HPLC or thin-
layer chromatography) can be used for electro-synthesis of
expensive or unavailable drug metabolite standards. The effi-
ciency of synthesis depends on the size and character of the
working electrode used for product generation, and mixing
must be sufficient to avoid electrode blocking by products.
Electrochemistry can also provide information about labile sites
in a molecule sensitive to oxidation and reduction [26].

An important aspect of electrochemical metabolite
generation is reliable analytical characterization of generated
compounds to verify their exact structures and for subsequent
comparison with human or animal biotransformation products
[19, 29, 35, 36]. Moreover, generated products can be affected
by the chemicals used during sample preparation, so compar-
ison with blank samples is required to find possible degrada-
tion products. HPLC–MS–MS is usually the method of choice
for metabolic studies because of its high sensitivity and the
possibility of obtaining structural information even for trace
metabolites in highly complex matrices [18, 37]. Several
strategies, for example use of selected tandem mass spectro-
metric scans, ion mobility mass spectrometry, on-line H/D
exchange HPLC–MS–MS, accurate mass measurements,
radiolabeling of parent drugs, chemical derivatization to de-
termine the position of metabolic reaction or to improve
ionization efficiency, and software dedicated to metabolite
prediction or detection, can be used for this purpose [38–45].

In this study UHPLC–MS–MS was used for elucidation of
the structures of the oxidation products of AT in electrochemi-
cal and in-vitro experiments, on the basis of a combination of
retention behavior and high-mass-accuracy tandem mass
spectrometry.

Materials and methods

Chemicals and reagents

Atorvastatin (3R,5R)-7-[2-(4-fluorophenyl)-3-phenyl-4-(phenyl-
carbamoyl)-5-propan-2-ylpyrrol-1-yl]-3,5-dihydroxyheptanoic
acid) calcium trihydrate was purchased from the European
Directorate for the Quality of Medicines and HealthCare
Council of Europe (Strasbourg, France). Acetonitrile, metha-
nol, formic acid, acetic acid, ammonium acetate, sodium
formate, Ham’s F12, William’s E, collagenase type IV, di-
methyl sulfoxide, and fetal bovine calf serum were purchased
from Sigma–Aldrich (St Louis, MO, USA). Deionized water
was prepared with a Demiwa 5-roi purification system
(Watek, Ledeč nad Sázavou, Czech Republic). The supporting
electrolytes (HCl, NaCl, H2SO4) were prepared at a concen-
tration of 0.1 mol L−1. A series of Britton–Robinson buffers
for study of the effect of pH in the range 2–12 was prepared in
accordance with the recommended procedure in a common
laboratory handbook.

Isolation of hepatocytes and incubation with AT
in the in-vitro experiment

Rats were cared for and used in accordance with the Guide
for the care and use of laboratory animals (Protection of
Animals from Cruelty Act. No. 246/92, Czech Republic).
Hepatocytes were obtained from the liver of a male rat by the
two-step collagenase method. Three million viable (72 %)
cells in 3 mL culture medium ISOM (1:1 mixture of Ham’s
F12 and William’s E) were placed in 60-mm plastic Petri
dishes pre-coated with collagen. Fetal bovine calf serum was

Fig. 1 Chemical structure of
atorvastatin (AT) composed of
four main parts, denoted as A, B,
C, and D, including a list of
identified oxidation reactions for
both electrochemical and in-vitro
experiments
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added to the culture medium (5 %) to promote cell attach-
ment during the first four hours. During this period, cultures
were maintained without the substrate at 37 °C in a humid
atmosphere of air and 5 % CO2. After attachment of the
hepatocytes, the medium was replaced with fresh serum-free
medium containing AT (10 μmol L−1). AT was pre-dissolved
in dimethyl sulfoxide. The final concentration of dimethyl
sulfoxide in the medium did not exceed 0.1 %. After 24 h at
37 °C in a humid atmosphere of air and 5 % CO2, hepatocytes
were scraped from the plate and homogenized.

Electrochemical experiments

A standard stock solution of AT (c = 1 mgmL−1) was prepared
by dissolving the compound in methanol. Cyclic voltammetry
(CV) and electrolytic experiments were performed by use of
the PGSTAT 128 N electrochemical analyzer (Autolab,
Metrohm Autolab, Utrecht, The Netherlands) operated by
use of NOVA 1.8 software. All electrochemical experiments
were performed with a three-electrode system comprising
Ag/AgCl/3 mol L−1 KCl separated by a bridge filled with the
supporting electrolyte as the reference electrode, Pt sheet (ca.
10 mm×5 mm) as counter electrode, and a working electrode
selected on the basis of the experiment performed—glassy
carbon (2 mm diameter) for CV experiments and a large-area
(geometric area 2.2 cm2) pyrolytic graphite electrode for elec-
trolysis. Preparative electrolysis and coulometric measure-
ments were performed in a two-compartment H-type cell
(Fig. 2) containing 10 mL electrolyzed solution. In principal,
the H-type cell can be used for either oxidation or reduction,
depending on the type of working electrode. 0.1 mol L−1

H2SO4, 0.1 mol L−1 HCl, or 0.1 mol L−1 NaCl were used as
solutions for electrolysis; the concentration of the compound
electrolyzed was approximately 0.1 mg mL−1 and the duration
of electrolysis between 1 and 2 h, depending on the potential
applied. Potentiostatic coulometry was used for evaluation of

the number of electrons involved in the electrode reactions;
Autolab software was used for integration of current flow.

Solid-phase extraction (SPE)

Samples were centrifuged at 3000g for 5 min. The supernatant
was extracted by use of SPE. The sample was loaded on to a
Phenomenex Strata X (1 mL, 30 mg, 33 μm; Phenomenex,
Torrance, California, USA) extraction cartridge previously
preconditioned by washing with 1 mL acetonitrile and 1 mL
purified water. In the next step, the cartridge was washed with
2 mL 15 % (v/v) acetonitrile–water. Compounds of interest
were eluted with 1 mL acetonitrile. Samples were evaporated
to dryness under a nitrogen stream. Dry samples were quan-
titatively dissolved in 300 μL 50:50 (v/v) acetonitrile–water
and injected for UHPLC–MS analysis.

UHPLC–MS–MS conditions

UHPLC–MS–MS chromatograms of samples were acquired
by use of electrospray ionization (ESI) on a hybrid quadrupole
time-of-flight mass analyzer (micrOTOF-Q; Bruker Daltonics,
Germany). UHPLCwas performed on an Agilent 1290 Infinity
liquid chromatograph (Agilent Technologies, Waldbronn,
Germany) equipped with a Zorbax Eclipse C18 column
(150 mm×2.1 mm, 1.8 μm; Agilent). The analysis tempera-
ture was 25 °C, the flow rate 0.4 mL min−1, and the injection
volume 0.1 μL. The mobile phase was a gradient prepared
from 0.5 mmol L−1 ammonium acetate adjusted to pH 4.0
(component A) and acetonitrile (component B). The linear
gradient was: 0 min, 50 % B; 6 min, 56 % B; 9 min, 95 % B;
and, finally, washing and reconditioning of the column. The
QqTOF mass spectrometer was used with the settings: capil-
lary voltage 4.5 kV, drying temperature 220 °C, and flow rate
and pressure of nitrogen 8 L min−1 and 1.3 bar, respectively.
External calibration was performed with sodium formate clus-
ters before individual measurements. ESI mass spectra were
recorded in the range m/z 50–1000 in both positive-ion and
negative-ion modes. An isolation width, Δm/z, of 4 and a
collision energy of 20–30 eV, with argon as collision gas, were
used for MS–MS experiments.

Results and discussion

AT and its electrochemical oxidation and biotransformation
products (Fig. 1) were analyzed by use of UHPLC–MS–MS
with ESI. The mobile phase used resulted in high ionization
efficiency and satisfactory sensitivity even for metabolites of
low abundance. The structures of the oxidation products were
determined on the basis of their chromatographic behavior;
chromatographic peaks were distributed over the whole chro-
matogram (Tables 1 and 2). Use of different UHPLC–MS–MS

Fig. 2 Schematic diagram of electrochemical H-type cell: 1, working
electrode (glassy carbon or pyrolytic graphite electrode); 2, auxiliary
electrode (platinum sheet); 3, reference electrode (Ag/AgCl/3 mol L−1

KCl); 4, inlet of argon for bubbling; 5, glass frit
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scans, for example reconstructed ion current chromatograms,
constant neutral loss chromatograms, and mass defect filtering,
enabled detection and unambiguous identification of com-
pounds originating from the drug. To avoid false positive results
and distinguishmetabolites from possible degradation products,
comparison with blank samples was performed for both elec-
trochemically and biologically generated compounds. Determi-
nation of the elemental composition of individual oxidation
products was based on accurate masses, typically better than
3 ppm mass accuracy even with the external calibration. The
character of ions observed in mass spectra depends on many
factors, for example type of ionization, polarity, applied poten-
tials, solvents used, and the structures of the compounds stud-
ied. Formation of protonatedmolecules in positive-ion full-scan
mass spectra or deprotonated molecules in negative-ion full-
scan mass spectra were the main mechanisms of ion formation.
These typical ions were accompanied by adduct ions, for
example [M + Na]+ and [M + K]+ in positive-ion or [M + Cl]−

in negative-ion full-scanmass spectra formost observedmetabo-
lites. Although ammonium acetate was used in the mobile
phase, no [M + NH4]

+ or [M + CH3COO]
− ions were found in

full-scan mass spectra except for E8a, b. In the text below, the
annotation “E” refers to electrochemically generated products
(Table 2) whereas “M” is used for biotransformation metabolites
(Table 1). The ions observed provided clear information about
molecular weights and elemental compositions of detected

compounds. Interpretation of tandem mass spectra was impor-
tant in characterization of the structures of these oxidation
products, because of the presence of manymetabolites with the
same elemental composition (Tables 1 and 2). Characteristic
fragment ions and typical neutral losses (NLs) for both polarity
modes aided elucidation of the structures of unknown com-
pounds. The structure of ATcan be divided into four basic parts
(Fig. 1; annotated as A, B, C, and D). Each part of molecule
can be associated with characteristic NLs and fragment ions.
Most important NLs and fragment ions, which provided infor-
mation about the structure of AT, are shown in Fig. 3.

UHPLC–MS of in-vitro-generated metabolites

In total, nine phase I metabolites and one phase II metabolite
(AT sulfate) were identified in the rat biotransformation
samples studied (Table 1 and Fig. 4a). In general, these AT
metabolic products can be associated with three metabolic
reactions: aryl-oxidation, β-oxidation, and lactone forma-
tion. In rat biotransformation of AT, β-oxidation was the
prevailing metabolic pathway. The corresponding shifts in
retention behavior in reversed-phase chromatography were
in accordance with the structures of the metabolites identi-
fied. Reduced retention was recorded for hydroxylated and
sulfate metabolites (M1 andM4) whereas increased retention
compared with the parent AT was observed for β-oxidation

Table 1 List of main peaks from in-vitro biotransformation of atorva-
statin, detected by UHPLC–MS–MS, with their numbering, retention
times, experimental m/z values of [M + H]+ and [M − H]− ions in ESI

full-scan mass spectra, mass accuracy, molecular weights (MW), ele-
mental composition, description of metabolites present, and MS–MS
product ions

No. tR (min) Experimental m/z values of
important ions (mass accuracy
in ppm)

MW Elemental
composition

Description of
oxidation reaction
(oxidized part
of molecule)

Important product
ions of [M + H]+,
m/z

Important product
ions of [M − H]−,
m/z

[M + H]+ [M − H]−

M1a 1.55 575.2567 (2.6) 573.2392 (−2.4) 574 C33H35FN2O6 AT + O (part C) 466; 440; 380; 292;
250

469; 413; 278

M1b 3.03 575.2555 (0.5) 573.2401 (−0.9) 466; 440; 380; 292;
250

413; 278; 134

M2 8.22 499.2402 (2.0) 497.2254 (1.6) 498 C31H31FN2O3 β-oxidized AT 457; 406; 399; 380 397; 278

M3a 3.58 515.2356 (2.9) 513.2186 (−1.8) 514 C31H31FN2O4 β-oxidized AT + O
(part C)

406; 380; 338 413; 278

M3b 7.71 515.2335 (−1.2) 513.2183 (−2.3) 406; 380; 338 413; 278; 134

M4 1.75 n.d.a 593.1750 (−2.2) 594 C31H31FN2O7S β-oxidized AT + O +
SO3 (part C)

– 513; 413; 278

M5 4.64 515.2340 (−0.2) 513.2185 (−1.9) 514 C31H31FN2O4 β-oxidized AT + O
(part A)

422; 396; 354 453; 397; 278

M6 6.59 541.2480 (−3.1) n.d.a 540 C33H33FN2O4 AT lactone 422; 292 (low
intensity)

–

M7 5.79 543.2661 (1.3) 541.2491 (−3.1) 542 C33H35FN2O4 AT glycol 450; 424; 364; 292;
250

523; 397; 278

M8 4.89 n.d.a 557.2447 (−1.8) 558 C33H35FN2O5 AT glycol + O (part C) − 541; 278; 134

AT 3.60 559.2602 (0.7) 557.2455 (−0.4) 558 C33H35FN2O5 Initial drug 466; 440; 292; 250 453; 397; 278

a Not detected

+ O hydroxylation, + SO3 sulfation
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products (M2, M3, and M5), AT lactone and glycol formation
(M6,M7 andM8). Aryl hydroxylation of phenylaminocarbonyl,
part C, the most typical metabolic reaction in humans, was
observed for AT itself (M1a, b), and this mechanism was
subsequently used to explain the β-oxidized metabolite, too
(M3a, b). Two metabolites corresponding to aromatic hydro-
xylation on AT part C were detected, in accordance with the
literature, in which ortho and para-hydroxylated AT metabo-
lites have been described [11]. The elemental composition of
metabolite M5 is identical with that of M3a, b, but the different
fragmentation pattern revealed oxidation on AT part A
(discussed in the section “Tandem mass spectrometry for

structure elucidation”). In addition to increased retention,
smaller mass defects were observed for β-oxidized metabo-
lites compared with AT, in accordance with the elemental
composition change. The highest shift in the mass defect to
lower values occurred for sulfate metabolite M4, because the
atomic mass of sulfur (31.9721) is 0.0279 lower than the
nominal mass [18]. The atorvastatin lactone (ATL) M6 was
observed only in positive-ion mode, because of its low con-
centration, but subsequent hydrogenation to AT glycol was
also recorded (M7). The aromatic hydroxylation of AT glycol
(M8) was also detected in rat biotransformation. Most of
the metabolic pathways observed, for example the aromatic

Table 2 List of main peaks from electrochemical oxidation of AT in
0.1 mol L−1 HCl, detected by UHPLC–MS–MS, with their numbering,
retention times, experimentalm/z values of [M + H]+ and [M −H]− ions

in ESI full-scan mass spectra, mass accuracies, molecular weights
(MW), elemental composition, description of metabolites present, and
MS–MS product ions

No. tR (min) Experimental m/z values of
important ions (mass accuracy in ppm)

MW Elemental
composition

Description of
oxidation reaction
(changed part
of molecule)

Important product
ions of [M + H]+,
m/z

Important product
ions of [M − H]−,
m/z

[M + H]+ [M − H]−

E1a 1.30 575.2556 (0.7) 573.2413 (1.2) 574 C33H35FN2O6 AT + O (part B) 557; 456; 438 413;
308

454; 413; 294

E1b 2.92 575.2558 (1.0) 573.2394 (−2.1) 557; 308; 250 469; 413; 294

E1c 3.60 575.2562 (1.7) 573.2416 (1.7) 557; 515; 438; 308;
294

454; 436; 392; 350;
294

E2 1.94 n.d.a 573.2400 (−1.0) 574 C33H35FN2O6 AT + O (part D) – 413; 355

E3a 1.91 549.2021 (−2.0) 547.1891 (0.9) 548 C30H29FN2O7 AT – propene +
2*O (part B)

– 428; 268; 225

E3b 2.05 n.d.a 547.1870 (−2.9) – 428; 410; 268; 225

E4a 3.10 531.1924 (−0.4) 529.1771 (−1.7) 530 C30H27FN2O6 AT lactone –
propene + 2*O
(part B)

383; 234 410; 268; 225

E4b 3.30 531.1934 (1.5) 529.1777 (−0.6) 383; 355; 234 410; 350; 268; 225

E4c 3.38 531.1932 (1.1) 529.1776 (−0.7) 438; 383; 234 469; 410; 350; 268

E5a 3.49 557.2453 (1.3) 555.2303 (0.4) 556 C33H33FN2O5 AT – H2 (part B or D) 464; 438; 290; 250 451; 395; 276

E5b 4.01 557.2470 (2.3) 555.2307 (1.1) 464; 438; 420; 290;
250

395; 355; 276; 236

E6a 5.15 557.2467 (1.8) 555.2305 (0.7) 556 C33H33FN2O5 AT lactone + O
(part B or D)

464; 427; 350; 306;
294

413; 294

E6b 5.85 557.2466 (1.6) 555.2316 (2.7) 438; 308; 294 436; 294

E6c 6.08 557.2468 (2.0) 555.2314 (1.3) 464; 438; 308; 294 436; 294

E6d 6.26 557.2463 (1.1) 555.2304 (0.5) 515; 438; 308; 294 436; 294

E7a 6.43 539.2347 (1.1) 537.2186 (−1.7) 538 C33H31FN2O4 AT lactone – H2 446; 420; 402; 318;
290

395; 276

E7b 8.57 539.2341 (0.1) n.d.a 446; 420; 402; 318;
290

–

E8a 7.12 571.2598 (−0.9) n.d.a 570 C34H35FN2O5 AT methyl ester – H2 478; 452; 290; 250 –

E8b 7.98 571.2609 (1.1) 569.2456 (−1.8) 478; 452; 318; 290;
250

395; 355; 276; 236

E9 7.33 589.2712 (0.7) n.d.a 588 C34H37FN2O6 AT methyl ester + O 452; 308; 296 –

AT 3.60 559.2611 (1.4) 557.2464 (1.3) 558 C33H35FN2O5 AT (only in blank) 466; 440; 292; 250 453; 397; 278

ATL 6.59 541.2502 (0.9) 539.2362 (1.9) 540 C33H33FN2O4 AT lactone
(only in blank)

448; 422; 292; 250 397; 278

ATM 7.33 573.2746 (−2.3) 571.2615 (0.2) 572 C34H37FN2O5 AT methyl ester
(only in blank )

480; 454; 292; 250 –

a Not detected

+ O hydroxylation or epoxidation, − H2 dehydrogenation
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hydroxylation [11, 46],β-oxidation [10], or lactone formation
[9] of AT, have previously been reported, but some AT me-
tabolites (AT glycol M7, hydroxylated AT glycol M8, and the
sulfate of β-oxidized AT M4) are, to the best of our know-
ledge, reported here for the first time. A complete schematic
diagram of rat in-vitro biotransformation on the basis of our
experiments is shown in Fig. 5.

Description of electrochemical experiments

In our study, results from CV, coulometric, and preparative
electrolysis experiments were used to obtain complete infor-
mation about the electrochemical oxidative behavior of AT.
Three solutions, 0.1 mol L−1 H2SO4, 0.1 mol L−1 HCl, and
0.1 mol L−1 NaCl, were tested as supporting electrolytes. AT

Fig. 3 Most important neutral losses and fragment ions related to the type and position of AT oxidation (the specific parts of AT are shown in Fig. 1)
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undergoes the oxidation by a single irreversible process at
approximately +1.0 V vs. Ag/AgCl (Fig. 6). The current
decreased with each additional scan at scan rate of
50 mV s−1, because of limited transport of the compound
toward the electrode surface. This hypothesis was confirmed
at low scan rates, for which the current does not decrease.
The peak potential was shifted linearly with increasing pH to
less positive values (Fig. 7a). Most of the parent AT mole-
cules formed ATL at pH < 6 resulting in its electrochemical

activity. However, the current started to decrease at pH > 5
(Fig. 7b) and dropped to zero at higher pH, because the
lactonization reaction was not fast enough and ATL and its
products underwent hydrolysis. Coulometric experiments
revealed that AT is oxidized by two electrons per molecule.
To prove unambiguously this oxidation scheme, i.e., the
formation of an intermediate and the subsequent product,
controlled-potential electrolysis was performed repeatedly
on the oxidation peak using acidic and neutral buffered

Fig. 4 TICs of AT
biotransformation and
electrochemical samples (blue
colored): rat hepatocytes (a);
electrochemical generation in
0.1 mol L−1 NaCl (b);
0.1 mol L−1 HCl (c), 0.1 mol L−1

H2SO4 (d). Red colored TICs are
specific chemical blanks for
electrochemical samples and
biological blank for rat
hepatocytes (more information
about the oxidation products is
given in Tables 1 and 2)
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media. Unfortunately, the amounts and number of products
did not enable their isolation and unambiguous identification
by NMR, as was observed in another study [47].

UHPLC–MS of electrochemically treated samples

AT and its oxidation products formed during preparative
electrolysis were analyzed by use of UHPLC–MS–MS with
identical conditions as for rat-biotransformed samples. In
contrast with the in-vitro study, electrochemical experiments
produced compounds formed by different oxidation reactions.
Figures 4b, c, and d depict the TICs of AT oxidation products
generated in the media tested. Compounds corresponding to
potential degradation products formed spontaneously in the
solution were excluded on the basis of the comparison of
chromatograms of electrochemically treated samples with
the blank. The type of oxidative product was mainly affected
by the supporting electrolyte. Formation of ATL is promoted
in the acidic solution, as known from the literature [15]. This
degradation product was observed even in the blank for all the
electrolyzed solutions tested. The compound corresponding to

Fig. 5 Schematic diagram of
in vitro-biotransformation of
AT in rats

Fig. 6 Representative cyclic voltammetric curves for oxidation of AT
at a glassy carbon electrode in Britton–Robinson buffer at pH 1.71. The
concentration of ATwas 0.05 mg mL−1, the scan rate 50 mV s−1, and the
step potential 2.5 mV. 1, first scan; 2, second scan; 3, third scan; 4,
baseline

7188 R. Jirásko et al.



the methyl ester of AT (ATM) was also identified in blank
samples. Its formation can be explained on the basis of that
methanol was used during sample preparation (“Materials and
methods” section). Similar oxidation processes resulted in
electrochemical oxidation of AT in 0.1 mol L−1 NaCl and
0.1 mol L−1 HCl, but higher oxidation efficiency was ob-
served at lower pH, when a higher concentration of ATL
was present (Fig. 4b, c; pH-dependence curves in Fig. 7).
Because of the strong dehydration effect, the most complex
situation was observed for 0.1 mol L−1 H2SO4 as electrolyte
(Fig. 4d), in which subsequent water loss from ATL was
detected. Moreover, the sulfuric acid subsequently reacted
with all the compounds present to form AT + SO3, ATL +
SO3, and (ATL – H2O) + SO3 adducts. Hence, oxidation of
specific degradation products was recorded in addition to AT
oxidation. Retention of the sulfuric acid adducts was shifted
because of their polarity and they were eluted within 3 min.

Results obtained by use of 0.1 mol L−1 HCl as electrolyte
are used here for detailed description of identification pro-
cedures (Table 2). Structural modifications occurred on AT
parts B and D, in contrast with biotransformation, in which
oxidation was observed on parts A and C (Fig. 1, Tables 1
and 2). Differences between the elemental composition of
oxidation products and ATcorrespond to −H2 (E5 and E6), +
O (E1 and E2), −H2O − H2 (E7), −C3H6 + 2O (E3), −C3H6 +
2O − H2O (E4), +CH2 − H2 (E8), + CH2 + O (E9). All three
initial compounds, AT, ATL, and ATM, must be regarded as
precursors of oxidation reactions, because all were exposed
to electrolysis. Information about dehydrogenation (either
double-bond formation or cyclization) and addition of oxygen
atoms to the molecule (hydroxylation or epoxidation) can be
deduced for AT, ATL, and ATM from above mentioned dif-
ferences in elemental composition. Moreover, dealkylation
followed by the addition of two oxygen atoms was found for
AT and ATL (oxidation products E3 and E4). On the basis of

interpretation of full-scan and tandem mass spectra, electro-
chemically generated oxidation products formed in 0.1mol L−1

HCl medium can be divided into nine groups (Table 2) with
regard to initial compound and type of oxidation.

Tandem mass spectrometry for structure elucidation

Structures and exact elemental composition of NLs and key
fragment ions discussed below are shown in Fig. 3. Aromatic
hydroxylation on AT part C is confirmed by NLs Δm/z 109
and 135 (Table 1 and Fig. 8d), which are 16 mass units
higher (M1a, M1b, M3a, M3b, M4, and M8) than for NLs
Δm/z 93 and 119 observed in tandem mass spectra of the
parent AT and other compounds without AT part C substitu-
tion. On the other hand, information about unchanged AT
part A can be obtained on the basis of observed NLs Δm/z
160 or Δm/z 104 in negative-ion tandem mass spectra
(Tables 1, 2 and Fig. 8a) orΔm/z 148 in positive-ion tandem
mass spectra (Tables 1 and 2). Structural changes on AT
part A, for example formation of AT lactone, glycol,
methyl ester, or β-oxidation, were reflected in modifica-
tion of the corresponding NLs. In accordance with the
elemental composition change, decreases of NLs from
Δm/z 160 to Δm/z 142 in negative-ion mode and from
Δm/z 148 to Δm/z 130 in positive-ion mode were
recorded for ATL products, whereas increased NL values
were observed for ATM compounds (Figs. 3 and 8j).
Identical NL Δm/z 100 in both polarity modes was
present in MS–MS of β-oxidized metabolites except for
M5, for which NL Δm/z 116 confirmed subsequent hy-
droxylation on AT part A (Fig. 8c). For sulfate metabo-
lite M4, the characteristic NL Δm/z 80 (SO3) was
followed by NLs Δm/z 100 and Δm/z 135, which
furnished information about β-oxidation on AT part A
and aromatic hydroxylation on part C (Fig. 8b). NLs

Fig. 7 Effect of pH on peak potentials (a) and currents (b) for oxidation of AT in a series of Britton–Robinson buffers. The concentration of ATwas
0.1 mg mL−1, the scan rate 50 mV s−1, and the step potential 2.5 mV
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Δm/z 144 in negative-ion mode andΔm/z 132 in positive-ion
mode were observed for glycol metabolites (M7 and M8).
Information about all these structure modifications were often
found by study of combined NLs, e.g., Δm/z 235 (135+100,
hydroxylation on AT part C and β-oxidation of AT part A),
Δm/z 261 (119+142, unchanged AT part C and lactone for-
mation onAT part A), etc. Oxidation reactions on AT part B or

part D were observed for electrochemical samples. Observed
NLs were mostly identical for the initial compounds (AT,
ATL, or ATM), as evident from examples of tandem mass
spectra in Fig. 8 and Table 2. The oxidation was mainly
confirmed on the basis of key fragment ions m/z 308 (m/z
292 + O), 294 (m/z 278 + O), 290 (m/z 292 −H2) and 276 (m/z
278 − H2).

Fig. 8 ESI tandem mass spectra of deprotonated molecules of AT oxidation products (more information is given in Tables 1 and 2)
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For better understanding of the correlation between
modified structure and found NLs or fragment ions, a few
examples of elucidation of the structures of selected oxida-
tion products are given below. Tandem mass spectra shown
in Fig. 8d, e, f illustrate the fragmentation of deprotonated
molecules of oxidation products with identical molecular
weights, 16 mass units higher than that of AT. Structure
differences can be distinguished despite the identical chemi-
cal formula, C33H35FN2O6, of compounds E1a, b, c, E2, and
M1a, b. AT part A is unchanged and the hydroxylation is
ascribed to AT part C on the basis of NLs Δm/z 135 and
Δm/z 160 in MS–MS of M1a (Fig. 8d) and M1b (not shown).
Although some differences can be found between tandem
mass spectra of the three isobaric compounds E1a, b, c,
the exact position of oxidation cannot be determined by MS
only. In general, all these oxidized products afford similar
NLs, but in a different order of fragmentation. The ion at
m/z 294 (Fig. 8f and Table 2) gives the most important
information and confirms oxidation on part B. In contrast,
no ion at m/z 294 is observed in MS–MS of E2 (Fig. 8e). The
fragmentation of its deprotonated molecule with NL Δm/z
160 yields the product ion at m/z 413. Subsequent NL of
Δm/z 58 results in the ion at m/z 355, which is indicative of
oxidation of the isopropyl substituent. Another example is
demonstrated by two groups of compounds E5 and E6 with
the elemental composition C33H33FN2O5. The group of two
compounds E5 belongs to dehydrogenated AT (AT − H2,
double bond formation or cyclization), whereas the second
group including four E6 compounds is formed by addition of
oxygen to ATL (ATL + O, hydroxylation or epoxidation).
For E5, characteristic NLs Δm/z 160 in negative-ion mode
and Δm/z 148 in positive-ion mode (Fig. 8g and Table 2)
combined with NL Δm/z 119 result in the formation of
product ions at m/z 276 or 290 and are indicative of dehy-
drogenation of AT part B or D. Similarly, the NLΔm/z 142 is
present in negative-ion MS–MS of E6 or Δm/z 130 in
positive-ionMS–MS (Fig. 8h and Table 2) and in combination
with NLΔm/z 119 produce ions atm/z 294 and 308 (Table 2).
Consequently, we can conclude that the initial compound was
ATL and oxidation was by hydroxylation or epoxidation of
AT part B. Unfortunately, fragment ions at m/z 276 and 294
have a stable conjugated system and they are not subsequently
fragmented to furnish information about the exact position of
oxidation. Determination of the exact position of oxidation for
each group is not possible and requires additional analytical
characterization. The last example is shown for double oxi-
dized products E4. The nominal MW= 530 is possibly indica-
tive of hydroxylated analogues of M3 (MW = 514), but the
exact mass defect shows loss of propene and addition of two
oxygen atoms compared with AT. Fragmentation of their
deprotonated molecules is shown in Fig. 8i. The ion at m/z
410 is formed by NL Δm/z 119 followed by the subsequent
NL Δm/z 142, resulting in the ion at m/z 268. Unlike above

mentioned examples of stable conjugated fragment ions atm/z
276 or 294, the product ion m/z 268 can be fragmented to
provide the ion at m/z 225 formed after the NL Δm/z 43
(NH=C=O) similarly to MS–MS of E4. On the basis of this
information, oxidation is probably on the pyrrole ring.

Conclusions

In this work, electrochemically and in-vitro-generated AT oxi-
dation products were studied in detail. Combined information
from retention behavior in reversed-phase HPLC and mass
spectrometry including high mass accuracy measurements in
both full-scan and tandem mass spectra revealed 20 oxidation
products in electrochemical samples and 10 metabolites after
rat biotransformation. Although the structures of oxidative
metabolites could not be precisely determined in some cases
of isomeric compounds, tandemmass spectra provided enough
information to decide which part of AT was modified. The rat
in-vitroAT biotransformation resulted in β-oxidation, aromatic
hydroxylation on the phenylaminocarbonyl group, sulfation of
AT, and AT glycol formation, whereas electrochemical
experiments resulted in a variety of oxidation reactions on the
AT conjugated skeleton and the isopropyl substituent. Not
surprisingly, AT is converted to ATL in acidic solution and
oxidation reactions of ATL were observed together with AT
oxidation products in electrochemical samples. The AT methyl
ester and its oxidized products were also identified in electro-
chemical experiments. Comparison of fragmentation patterns
with MS–MS of the initial compounds, i.e., AT, ATL, and
ATM, has been successfully used to clarify the type of oxida-
tive products. The importance of key NLs and fragment ions
during structure elucidation is shown for several examples of
differentiation of isobaric compounds. The approach reported
herein can be further used in other studies of drug metabolism.
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