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In this study, The metabolites, metabolic pathways, and metabolic fragmentation mode of a tyrosine kinase inhibitor- (TKI-)
imatinib in rats were investigated. The samples for analysis were pretreated via solid-phase extraction, and the metabolism of
imatinib in rats was studied using ultra-high-performance liquid chromatography-quadrupole-time-of-flight mass spectrometry
(UHPLC-Q-TOF-MS/MS). Eighteen imatinib metabolites were identified in rat plasma, 21 in bile, 18 in urine, and 12 in feces.
Twenty-seven of the above compounds were confirmed as metabolites of imatinib and 9 of them were newly discovered for the
first time. Oxidation, hydroxylation, dealkylation, and catalytic dehydrogenation are the main metabolic pathways in phase I. For
phase II, the main metabolic pathways were N-acetylation, methylation, cysteine, and glucuronidation binding. The fragment ions
of imatinib and its metabolites were confirmed to be produced by the cleavage of the C-N bond at the amide bond. The newly
discovered metabolite of imatinib was identified by UHPLC-Q-TOF-MS/MS. The metabolic pathway of imatinib and its
fragmentation pattern were summarized. These results could be helpful to study the safety of imatinib for clinical use.

1. Introduction

Imatinib (IM) is the first generation of tyrosine kinase in-
hibitor [I, 2] mainly used for the treatment of chronic,
accelerated phase or blast crisis of adult chronic myeloid
leukemia with positive Philadelphia chromosome and ma-
lignant gastrointestinal stromal tumors that cannot be
resected and/or metastasized [3, 4]. IM was first tested in
clinical trials in the 1990s and was approved by the US Food
and Drug Administration (FDA) at the beginning of this
century. Its antitumor mechanism specifically blocks the
binding site of adenosine triphosphate (ATP) on tyrosine
kinase to inhibit the autophosphorylation and substrate
phosphorylation of BCR-ABL target protein. IM could also
stabilize the inactive conformation of tyrosine kinase to

inhibit its activity, leading to reduced proliferation of
chronic myelocytic leukemia (CML) cells and cell apoptosis
[5-7]. IM has excellent pharmacokinetic characteristics and
its oral bioavailability was reported to be > 98%, with a half-
life of 20 hours and peak time ranging from 2 to 4 hours. Its
excretion pathway mainly depends on feces and urine [8].
The chemical name of IM is 4-[(4-methyl-1-piperazinyl)
methyl]-N-[4-methyl-3-[4-(3-pyridyl)-2-pyrimidinyl]
amino] phenyl] benzamide, and its chemical structure is
shown in Figure 1.

Most drugs were mainly eliminated from the body after
metabolism [9-11]. Metabolism can be understood as the
process of converting drugs into their metabolites under the
catalysis of enzymes [12]. Drug metabolism may produce
one or more active metabolites with the same
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FiGgure 1: The structure of imatinib.

pharmacological effects and targets as the original drug
[13, 14]. Sometimes, it may also generate overactive or toxic
metabolites, which may cause serious adverse side-effects
[15]. For example, some CML patients developed hepato-
toxicity symptoms after using IM, which may be related to
one or more metabolites of IM [16]. In addition, studies
showed that the main metabolites of IM may be involved in
IM resistance [17]. Therefore, to systematically understand
the safety of IM for its clinical application, it is necessary to
investigate its metabolites. Up to date, researchers have done
alot of work on IM metabolism and achieved reliable results.
MarcMarull et al., with the aid of liquid chromatography
combined with triple quadrupole mass spectrometer (TSQ-
MS) and linear ion trap mass spectrometer (LTQ-MS),
successfully isolated one demethylated metabolite, two hy-
droxylated metabolites, and three N-oxidation metabolites
of IM from microsomes containing cytochrome P450 (CYP)
isozymes [18]. Li et al. found 7 cyano metabolites of IM from
human liver microsomes (in vitro) and identified their
structures [19]. Friedecky et al. have identified 90 metabo-
lites of IM from the plasma of patients with CML [20].
Therefore, a thorough study of the metabolites and meta-
bolic pathways of imatinib will help to use IM safely and
rationally. In addition, the study of drug metabolites of IM
will help with its clinical efficacy and provide more infor-
mation for the scientist to develop safer and more effective
formulations than the raw materials [21, 22].

The purpose of this study was to investigate the meta-
bolism of IM in rats. The metabolites of IM in plasma, bile,
urine, and feces were identified using UHPLC-Q-TOF-MS/
MS. The metabolic pathways of phases I and II and the
fragmentation pattern of metabolites were also summarized.

2. Materials and Methods

2.1. Chemicals and Reagents. Imatinib (purity, >99.0%) was
obtained from Shanghai Macklin Biochemical Technology Co.,
Ltd., China. HPLC grade acetonitrile and formic acid were
purchased from Fisher Scientific (Fair Lawn, NJ, USA).
Methanol (analytical or HPLC grade) was procured from
Yuwang Industrial Co., Ltd. (Shandong, China). Purified water
was provided by Wahaha Group Co., Ltd. (Hangzhou, China).

2.2. Animal Experiments. Male Sprague-Dawley (SD) rats
(n=18, weighing 220-250g, 12-14 weeks old) were pro-
vided by the Experimental Animal Center of Shenyang

Pharmaceutical University (Shenyang, China). The SD rats
were fed in metabolic cages for at least 3 days and fasted for
12h before the experiments. All experiments in vivo were
conducted under the guidelines of the administration of
experimental animals in China.

IM (50mg/mL) was dissolved in 0.5% carboxymethyl
cellulose sodium (CMC-Na) aqueous solution. After ad-
ministering IM solution at a dose of 50 mg/kg, the rats were
randomly divided into three groups (six rats in each group).

Group I was for taking the plasma samples. The blood
was taken from the ophthalmic veins at time points at 0.5, 1,
2,4, 8, and 12 h after oral administration of IM, and then the
blood collected in heparinized tubes was centrifuged im-
mediately at 5000 rpm for 10 min to obtain the plasma. For
Group II (bile samples), the rats were anesthetized with
urethane solution (0.05mL/10g). Duct cannulation opera-
tion was performed to collect blank bile first, and the rats
were allowed to recover from anesthesia before drug ad-
ministration. The samples were continuously collected but
samples were divided according to the period of 0-4, 4-8,
8-12, 12-24, and 24-48 h. Group III was used for obtaining
the urine and feces samples. The rats were kept in metabolic
cages individually and orally given IM, and then, the samples
were collected at different time intervals of 0-4, 4-8, 8-12,
12-24, and 24-48h. All the blank samples of each group
were collected before oral administration of IM. All collected
samples were stored at —80°C until further treatment.

2.3. Sample Pretreatment. Pretreatment of plasma: 200 uL of
plasma sample was extracted using 600 uL of methanol and
then vortexed for 1 min to precipitate the proteins. After
centrifugation at 12000 rpm for 10 min at 4°C, the super-
natant was transferred into a clean tube and dried under
nitrogen gas at 40°C.

Pretreatment of feces: feces sample (0.2 mg) was added to
methanol (2mL), then vortexed for 2min, followed by
sonication for 30 min, and vortexed again for another 2 min.
After the mixture was centrifuged (13000 rpm, 10 min) at
4°C, the supernatant was collected and dried with nitrogen
flow at 40°C.

Pretreatment of urine and bile: the solid-phase extrac-
tion cartridges (Angela Bond Elut C-18, 1g) were activated
via duplicated wash using water (1mL), followed by
methanol (1mL). After centrifugation (13000rpm) for
5min, the supernatant was filtrated through a 0.22um
membrane filter, followed by further purification (1 mL of
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the filtered sample) with a solid-phase extraction cartridge at
a flow rate of 30 drops -min~". The cartridges were washed
with water (1 mL) first and then washed for another 3 times
using 1 mL of 0.1% formic acid in methanol. The eluent of
0.1% formic acid in methanol was collected and dried with
nitrogen flow at 40°C.

Before analysis, all the pretreatment samples have been
dried with nitrogen, and the residues were reconstituted
with 200 uL of a mixed solvent of acetonitrile and 0.1%
formic acid in water in a ratio of 10:90 (v/v) and then
sonicated for 10 min before centrifugation (12000 rpm) at
4°C. 3 uL of the supernatant was finally injected for UHPLC-
Q-TOEF-MS/MS analysis.

2.4. Instruments and Conditions. The chromatographic
separation was carried out using a ACQUITY UHPLCTM
BEH C18 column (100 x 2.1 mm, 1.7 ym). Mobile phase A
was an aqueous buffer containing 0.1% formic acid and
10 mmol/L ammonium acetate and B was 0.1% formic acid
in acetonitrile. The gradient elution program was optimized
listed as follows: 10-25% B from 0 to 9.5 min, 25-35% B from
9.5 to 12.5min, 35-90% B from 12.5 to 20.0min, and
90-10% B from 22.0 to 22.1 min. Flow rate was 0.3 mL/min;
temperature, 40°C; injection volume, 3 uL.

Mass spectrometry detection was performed using an AB
SCIEX X500R UPLC-Q/TOF-MS (AB SCIEX, Framingham,
MA, USA). Mass spectrum acquisition was in positive
electrospray ionization mode and the conditions used were
as follows: the pressure of the nebulizer gas (gas 1), the heater
gas (gas 2), and the curtain gas was set to 55, 55, and 35 psi,
respectively; ion source temperature was 600°C. TOF-MS/
MS parameter settings are as follows: scanning range, m/z
50~1000; collision gas, 7 psi; ion spray voltage, 5.5kV;
declustering potential (DP), 80 V; the collision energy (CE),
10 V; TOE-MS/MS, m/z 50-1000; ion spray voltage, 5.5kV;
declustering potential (DP), 80 V; the collision energy (CE),
from 20 to 50V; accumulation time, 25min. Apply AB
SCIEX OS for processing. In the experiment, the CDS au-
tomatic calibration system was used to calibrate the ex-
perimental data collection.

3. Results and Discussion

The MS/MS spectrum of IM standard is shown in Figure 2;
the ion at m/z 394 was formed after the cleavage of the 4-
methyl-1-piperazinyl group on benzamide on the phenyl
group of 2-aniline pyrimidine, and the ion at m/z 394
generated m/z 378 by the loss of O of the benzoylamino
group. The ion at m/z 217 was formed after the cleavage of
the amide part of benzamide, and the ion at m/z 217 gen-
erated m/z 174 by RDA (Reverse-Diels-Alder reaction)
cleavage reaction. As shown in Figure 3, the analytes eluted
at 11.17 min, with the molecular ion [M+H]" of m/z
494.2648, were consistent with the ion at m/z 394, 378, 217,
and 174 of the IM reference standard, indicating that IM
(MO) was detected in plasma, bile, urine, and feces of rat. M3,
M9, M11, M17, M20, M22-23, and M26-27 were newly
discovered metabolites in this study.

3.1. Metabolite Analysis in Plasma. Compared with blank
samples, there were 6 newly identified metabolites (M11,
M17, M22-M23, and M26-M27) in the plasma together with
twelve previously reported ones (M5-M7, M10, M12 -M16,
M18-M19, and M21). The extracted ion chromatograms of
all plasma metabolites are shown in Figure 4. The retention
times, excimer ions, and secondary fragment ions (see Ta-
ble 1) were analyzed together, and the metabolite structures
were inferred based on the metabolic patterns of the IM
(Figure 5). Moreover, if the structure of some metabolites is
different from IM, the structural fracture mode of other
known metabolites is used for analysis.

Metabolites of M6, M7, MI10, M14, and MI18
(C9H3,N70,) were detected in MS/MS spectra at 8.19 min,
11.54 min, 10.37 min, 9.46 min, and 8.81 min, respectively.
These 5 metabolites were 16 Da (-OH) higher than IM. They
had similar MS/MS spectra and produced protonated mol-
ecule ions [M+H]" at m/z 510.2611, m/z 510.2598, m/z
510.2610, m/z 510.2611, and m/z 510.2610. The ions at m/z
410 were generated via the broken chemical bond between
the methyl groups on the C, position of the benzene ring that
were substituted by hydroxyl groups and piperazine group.
The remaining fragment ions are related to the fragmentation
of the benzamide group. The presence of m/z 277 resulted
from the fracture of the benzamide group N and hydroxyl
substituted 4-methyl-3-[4-(3-pyridyl)-2-pyrimidine. After
the amide bond was disrupted, the ion at m/z 217 was de-
tected in MS/MS spectra. The loss of C= O (m/z 217) results
in the emergence of m/z 189; then, m/z 111 and m/z 410 are
two fragments produced by a fracture occurring in the same
location, and the comprehensive analysis indicates that M6 is
a hydroxyl metabolite of IM (substituted at 4-methyl-3-[4-(3-
pyridine)-2-pyrimidine). However, the MS> spectra of M7
were observed with one more fragment ion (m/z 394) than
M6 (m/z 410) due to loss of O atom at N-oxidized metabolite.
It was speculated that M7 may be the N-oxidation of 4-
methyl-3-[4-(3-pyridine)-2-pyrimidine in the IM structure.
Compared to M6, M10, and M14, it almost went through the
same fragmentation, but the m/z 277 fragment ion was not
observed, suggesting that there was more N atom substitu-
tion on the benzamide group at the hydroxyl substitution
position. Therefore, M10 and M14 may be N-oxidized or
hydroxyl substituted metabolites of IM (substitution occurs
on the N-4-methyl-3-[4-(3-pyridine)-2-pyrimidine struc-
ture). The m/z 380 fragment ion of M18 was the product of
deamination of CH, from one molecule of benzamide by the
m/z 394 fragment ions, and the other fragment ions were
degraded in the same manner as M6. It is presumed that M18
may be an N-oxidized metabolite of IM (occurring on the
structure  of  4-methyl-3-[4-(3-pyridine)-2-pyrimidine).
Among the remaining metabolites, five of them (M13, M15,
M16, M21, and M23) had molecular weights that differed
from IM by 14 Da. Metabolites M13 and M21 (CyoH30N;0,)
were observed in MS/MS spectra at 10.08 min and 12.06 min;
then, they created protonated molecule ions [M + H]" at m/z
508.2447 and m/z 508.2443, respectively; they were all 14 Da
higher than IM. After the C4 methyl on the benzene ring of 2-
anilinopyrimidine breaks, the site forms a five-membered
ring with the C;-N of the pyrimidine ring. Then, the chemical
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FIGURE 3: Base peak ion chromatograms of biological samples in positive ion mode. Py, By, Uy, and F, represent blank samples of plasma,
bile, urine, and feces from rats; P, B;, U}, and F, represent plasma, bile, urine, and feces samples from rats after oral administration of IM.

bonds between C; and N breaks, m/z 247, and fragment ions
are generated. The fragment ion at m/z 222 was generated by
the fracture of C; and Cg, C4, and Cs in the fragment ion
structure of m/z 247 and simultaneously intramolecular
proton migration rearrangement. The fragment ion at m/z
231 was generated after the amide bond fracture of carbonyl-
substituted IM, and the ionic fracture mode of other frag-
ments was the same as that of M6. M13 and M21 are the IM
metabolites of the carbonylation of 4-methylpiperazine rings.

Metabolites M16 (C29H29N702) and M23 (C30H34N7O),
showing the molecular ions [M + H]" at m/z 508.2454 and

m/z 508.2817, were eluted at 10.75 min and 12.50 min, and
they were 14 Da more than that of IM. For the prototype
drug, MO, N-demethylated amide bond connecting to the
benzene ring broke and formed m/z 203 fragment ion of
M16. The fragment of m/z 203 further lost one CO and
generated the fragment ion of m/z 175. The other fragment
ions share the same metabolite pathway as the above.
Therefore, the metabolite is considered to be the IM me-
tabolite of carbonylation of N-methyl. The m/z 408 fragment
ion of M23 was the MO methylation followed by the removal
of the 4-methyl-1-piperazinyl group, and it is presumed to
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FIGURE 4: Extracted ion chromatograms (XIC) for metabolites in rats: (a) in blank plasma sample; (b) in plasma sample after an oral
administration of IM.
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TaBLE 1: Chromatographic retention times, precursor ions, and key fragments of IM and its metabolites in rat plasma, bile, urine, and feces

sample.

Formula of Error tr . . Formula of
No. [M+H]" ion MS data (ppm)  (min) MS/MS data Plasma Bile Urine Feces No. [M+H]" ion
Ml  CyHyN,05" 5242414 14 6.36 119,231,392,506 -+ - - Ml CyHyN,05"
M2 C35H4N,05" 686.2936 0.4 6.45 217,410,510 - + + - M2 C35H4N,0g"
M3  CjH,N;0," 2761708 0.7 6.78 147,258 - + o+ - M3 CysHpN;0,t
M4  CHypN,05t 5242406 -0.1 722 203,231,392,410,506 -+ 4 — M4 CyHN,05"
M5 CsoHsNO" 4922508 0.3 7.47 217,275,392 + + 4+ + M5  CsHzNO*
M6  C,HypN,O0,"° 5102611 —-02 819  111,217,189,277,410 + + o+ — M6  CypHiy,N,0,"
M7  CpHypN,0,b 510261 -04 8.8l 277,380,394,410 + + o+ + M7 CyHsN,0,"
M8  C,oHzN,Os" 5242412 1 9.1 119,203,231,410 - v - — M8  CyHsN,05"
M9 CouHpsNO' 4111931 0.8 9.41 134,247,264,394 - + - - M9  C,H,NO'
M10 C29H32N702+ 510.2611 -0.2 9.46 111,189,217,410 + - + + M10 C29H32N702+
Mi11 Cy3H;,N;O0" 320.1498  -2.5 9.5 261,278 + + - + Mill Cy3H;,N;O0"
MI12  CpoHyN,05% 5242409 0.6 9.76 99,217,290,506 + + o+ + MI2  CyHyN,05"
MI3  C,oHyN,O," 5082447 —1.6  10.08  203,222,231,247,394 + + o+ +  MI3  CypHsN,0,"
Mli4  C,HzpN,0,° 510261 —-03  10.37 111,217,410 + - - — M4 CpHy,N,0,
MI5  CuHaoN,O' 4802505 —02  10.52 119,203,222,394 + + o+ + MI15  C,gHyN,O"
MI16  C,oH,N,O," 5082454 —03 1075 175203,222,231,247,000  + + - + M6 CyH,oN,0,"
M17  CyH,N,O' 4372082 —0.6  11.09 160,290,379,394 + - - — MI17  C,H,N,O"
MI8  C,HzN,O," 5102598 -29  11.54 189,277,394 + + 4+ +  MI8  CpHi,N,0,"
M19  CpHyN,0," 5242397 -1.8 1154 189,217,394,494 + o+ - — MI19  CyoHsN,0,"
M20  C,H,N:sOs" 4261582 49  11.83 133,277,408 - + o+ —  M20  CyH,oNsO5*
M2l  C,oHzN,O," 5082443 -25  12.06 222,231,247,394 + + o+ + M2l CyoHsoN,0,"
M22  CoH,N,Os" 5242396 -21  12.42 219,247,394,478 + - —  M22  CyoH,oN,05*
M23  CsoHiN,O' 5082817 —05 125  119,189,217,264,408 + - 4 —  M23  CsHyuN,O"
M24  Cy,HyNgOsSt  609.2383  —-1.3 1268  171,215,394,478,565 - + o+ +  M24  CyHyNg05S8*
M25  C,yH,NsOs" 4261568 1.7 13.2 149,261,408 - + o+ +  M25  CyHyoNsO5*
M26 Cy4H1oN50," 410.1613 0.4 14.17 133,261,392 + + + - M26 Cy4H oN50,"
M27  C,HyN.O' 3961818 -0.6 157 119,378 + - - — M27  CyH,NsO

be an N-methylation reaction on the amino group of the
benzamide group or the amino group of 2-aniline on the
pyrimidine ring. The fragment ion at m/z 264 was generated
by the breakage of the amide bond after the breakage of the
methyl group of C4 on the benzene ring of 2-anilinopyr-
imidine and the formation of a five-membered ring at this
site with C;-N of the pyrimidine ring. Other fragment ions
were also broken in the same way as above. Therefore, it was
predicted that M23 is an amino group from the benzamide
group of IM or an N-methylated metabolite from the amino
group of 2-aniline on the pyrimidine ring.

Metabolite M15 (CysH30N,0), with a [M +H]" of m/z
480.2505, was eluted at 10.52 min, which was 14 Da less than
that of IM. M15 had the same fragment ion of m/z 394 as the
above metabolites and two new fragments. One (m/z 119)
formed via the separation of the carbonyl group from the
benzene ring. The breakage of the amide bond to the benzene
ring after N-demethylation of IM yields fragment ion of m/z
203, and the m/z 222 fragment ion was the methyl group of
C, from the benzene ring of 2-anilinopyrimidine after the
breakage of this site and the C;-N of the pyrimidine ring to
form a five-membered ring. C;, Cs, C4, and Cs are broken
and the intramolecular proton migration rearrangement was
generated. The fragment ion at m/z 394 was broken in the
same way as M6, so it is presumed that M15 was the
N-demethylated metabolite of IM.

In addition, M11 (C;3H;;N50), eluted at 9.50 min, gave
a [M+H]" at m/z 320.1498 (173 Da less than that of IM). The

MS/MS spectra of M11 had a special peak at m/z 278, owing
to the amide bond breaking (deacetylation), and the other
m/z 261 was 17 Da lower than the fragment ion at m/z 278 of
MI11 as a result of losing NH, indicating that M11 is a
metabolite of N-acetylation after amide bond hydrolysis of
IM.

The [M +H]" ion of M27 (C,4H,;N5sO) at m/z 396.1818
was 97 Da lower than that of IM and eluted at 15.70 min. The
product ion at m/z 378 was formed by losing a molecular of
H,O via the amide bond; thus, M27 was generated by re-
moval of the 4-methyl-1-piperazinyl from IM. In the MS/MS
spectra, M26 (C,4H9N50,) showed the molecular ion
[M +H]"* at m/z 410.1613 and was eluted at 15.70 min, which
is 83 Da less than that of MO. The fragment ion at m/z 392
and the m/z 378 of M27 shared the same pathway of losing
one molecular of H,O and m/z 261 fragment ions are
generated via breakage between the N of the benzamide
group and the benzene ring. Therefore, M26 may be a
metabolite of formaldehyde generated from the methyl
group at the C, position of the benzene ring on the ben-
zamide group of IM.

M17 (C,6H,4NgO) exhibited a protonated molecule ion
[M +H]" at m/z 437.2082 and was eluted at 11.09 min, which
is 56 Da less than that of IM. Fracture mode was the same as
IM. The fragment ion m/z 394 was formed via rupture of 4-
methyl-1-piperazine group, indicating that 4-methyl-1-
piperazinyl undergoes N-demethylation with simultaneous
catalytic dehydrogenation. In addition, the loss of one
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Figure 5: UHPLC-Q-TOF-MS/MS of all metabolites.
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molecule of methyl CH; from the m/z 394 fragment ion
resulted in the fragment ion of m/z 379, followed by m/z 290
through dehydrogenation of one molecule of the benzene
ring. The fragment of m/z 160 was generated by the breakage
of the amide bond after dehydrogenation of C;H;N, and it
was predicted that M17 may be the dehydrogenation
product of IM after dehydrogenation of one molecule of
C3H;N from the metabolite.

M5 (C;50H3,NgO, eluted at 7.47min) and MI19
(C2oH30N;O3, eluted at 11.54 min), showing the molecular
ion [M+H]" at m/z 492.2508 and 524.2397, were 1Da
different from that of IM. The metabolite lost hydrogen atom
from carbonyl and N on phenylamino groups so that m/z
392 of M5 appeared in the MS/MS spectra and another one
m/z 275 fragment ion is the product of breakage of N and
benzene ring of benzamide group. As a result, M5 was
presumed to be a metabolite of the dehydrogenation of N-4-
methyl-3-[4-(3-pyridyl)-2-pyrimidine. The m/z 494 frag-
ment ion produced by M19 was the prototype drug of IM.
Therefore, it was considered to be the fragment ion of its
broken substituted one-molecule hydroxyl and one-mole-
cule carbonyl. The fragments of m/z 189, m/z 217, and m/z
394 were formed in the same way as M6 and M7. Based on
the above results, it was concluded that M19 was the me-
tabolite of IM 4-methyl-3-[4-(3-pyridyl)-2-pyrimidine by
losing one molecule of hydroxyl and one molecule of car-
bonyl-substituted metabolite.

M12 (C,oH31N,03) and M22 (C,oH,9N-,03) exhibited a
molecular ion at m/z 524.2409 and m/z 524.2396, which are
21 Da more than that of IM. In the MS/MS spectra of M12,
m/z 506 fragment ion was the fragment ion generated from
the substituted metabolite by removing H,O. Methyl
pyridine ring (C, of 2-aniline pyrimidine benzene ring)
happens to break; then, the site on a pyrimidine ring of C;-
N forms not only five-membered ring but also amino-
carbonyl and N benzoyl break and, at the same time,
produces m/z 290 and m/z 217. The structure of the 1-
methylpiperazine group cracked the metabolite, resulting
in the fragment ion m/z 99. As a result, M12 is molecular
imatinib, a member of hydroxyl and carbonyl replacement
metabolites (replacement occurred in 4-methyl-3-[4-(3-
pyridyl)-2-pyrimidine structures). The fragment of m/z 290
was created via the breakage of the methyl group of C, from
the benzene ring of 2-anilinopyrimidine after the forma-
tion of a five-membered ring with C;-N of the pyrimidine
ring and the break of the carbonyl group and N on the
benzoylamino group, which also generates the m/z 217
fragment ion, and the m/z 99 fragment ion produced from
the break of the 1-methyl piperazinyl group break gener-
ated presumably M12, that is, the 4-methyl-3-[4-(3-pyr-
idyl)-2-pyrimidine of IM with one molecule of hydroxyl
and one molecule of carbonyl-substituted metabolite. The
m/z 478 fragment ion of M22 was generated by N-deme-
thylation in the prototype of IM, and the m/z 247 fragment
ion further deamidates the remaining carbonyl CO to
produce the m/z 219 fragment ion of M22. Therefore, it was
presumed to be oxidized to carboxylic acid on N-methyl,
and M22 was a metabolite of oxidation of methyl to car-
boxylic acid on N-methyl of IM.

3.2. Metabolite Analysis in Bile. Compared with the control
group, 21 metabolites were detected in the bile. Moreover, 6
of them (M3, M9, M11, M17, M20, and M26) were newly
discovered. The extracted ion chromatograms of all bile
metabolites are shown in Figure 6. The chromatographic
retention behavior of the metabolites, quasimolecular ions,
and secondary fragment ions was comprehensively analyzed
(Table 1). It was found that 12 of them were consistent with
the metabolites in plasma, and the other 9 were different.
Fragmental ions are shown in Figure 5.

M1, M4, and M8 shared the same formula (C,oH3,N,O3)
with similar mass spectra and were eluted at the retention
time of 9.10, 6.36, and 7.22 min. They showed molecule ions
[M+H]" of m/z 524.2412, 524.2414, and 524.2406, re-
spectively. The loss of 30 Da can be detected in the MS/MS
spectrum. It was speculated that they were the product of
one molecule of hydroxyl substitution and one molecule of
carbonyl substitution of IM.

M20 and M25 (C,,H,,N505) were eluted at 13.20 min and
11.83min. They showed molecular ion [M+H]" at m/z
426.1568 and 426.1582, which were 68 Da less than IM. The
neutral loss of 18 Da (H,O) was obtained between the ions m/z
426 and 408. Fragment ion at m/z 261 was the product of the
cleavage of N and the benzene ring on the benzamide.
Therefore, it was speculated that the methyl group of 4-
methylbenzamide was oxidized to a carboxylic acid. Based on
the above results, it was inferred that M25 was a metabolite of
IM depleted 4-methyl-1-piperazinyl carboxylic acid. The
fragment ion at #1/z 133 was generated by the CO-N cleavage of
the amide bond of benzamide after M20 carbonyl substitution.
The fragmentation of other ions was the same as the analysis.
According to the metabolic law, it was speculated that the
methyl group of 4-methylbenzamide was oxidized to aldehyde.
Thus, it was inferred that M20 was formed by removal of N-[4-
methyl-3-[4-(3-pyridyl) from 4-methyl-1-piper-
azinylbenzamide on IM-2-pyrimidinyl]Jamino]phenyl, one
molecule of hydroxyl substitution, and 4-methyl benzamide
part of the methyl oxidation to the metabolite of aldehyde.

M9 (C,4H,3N¢O) was eluted at 9.41 min, and the
[M+H]" at m/z 411.1931 was 83Da less than IM. The
fragment ion at m/z 394 was obtained by the loss of NH3, and
m/z 134 was the amide bond CO-N cleavage of benzamide
after the loss of CsHoN. Therefore, it was an IM metabolite
after losing 4-methyl-1-piperazinyl CsHoN.

M3 (C15H22N302), M2 (C35H40N708), and M24
(C3,H33NgO5S) were phase II metabolites of IM, which are
eluted at 6.78 min, 6.45min, and 12.68 min, respectively.
They showed molecular ion [M+H]" at m/z 276.1708,
686.2936, and 609.2383. M3 was 318 Da less than IM. The
product ion at m/z 258 implied the loss of H,O. The loss of 4-
methyl-1-piperazinyl was obtained between m/z 258 and m/
z 147. M3 was an N-acetylation metabolite after IM amide
bond hydrolysis. M2 was 192Da more than IM. The
characteristic fragment ion at m/z 686 generated the ion at
m/z 510 by the loss of glucuronic acid molecule (m/z 176). It
was speculated that M2 may be the glucuronic acid con-
jugate after partial oxidation of N-4-methyl-3-[4-(3-pyr-
idinyl)-2-pyrimidinylJamino]phenyl of imatinib benzamide.
M24 was 115Da more than IM. The fragment ions at m/z
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FI1GURE 6: Extracted ion chromatograms (XIC) for metabolites in rats: (a) in blank bile sample; (b) in bile sample after an oral administration
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chromatograms (XIC) for metabolites in rats: (a) in blank urine sample; (b) in urine sample after an oral ad-



12

Intensity (cps) Intensity (cps) Intensity (cps) Intensity (cps) Intensity (cps) Intensity (cps) Intensity (cps)

Intensity (cps)

23.305
300 12.918(14.181 o 22185
200 6.940 12.721 13.886 20.697
5193 g
100 17.702 II ,
1234567 8 910111213141516 17 1819 20 21 22 23 24
Time (min)
400
22.158
300
23722940 7554 10677 21.843
200 i 4.901
100
1234567 8 910111213141516 17 1819 20 21 22 23 24
Time (min)
7.419
200 10 459 2.248 5.805 12.673 13,384
150
15.055
100 15.950 21.188
50
0 .
1234567 8 910111213141516 17 1819 20 21 22 23 24
Time (min)
300 20.471
200 {0988 7AS5
11523318 6.117 | 3021  12.108
100 | 5.527 ! t
o™
1234567 8 910111213141516 17 1819 20 21 22 23 24
Time (min)
800
600 0.961
400 14.008
7.864 12.642 14. 18.642
200 2.209 4.820 0.885 17411 I
¢ A
1234567 8 91011121314151617 1819 20 21 22 23 24
Time (min)
0.736
1000
5.3867 232
500 2.497 4.923] 7773
2.888 . 11.757 13.043
0¥ o
1234567 8 910111213141516 17 1819 20 21 22 23 24
Time (min)
20.091

1234567 8 91011121314151617 1819 20 21 22 23 24
Time (min)

23.219

17.
12.642 5 597

2.269 5.878 7.2179.896

123 456 7 8 91011121314151617 1819 20 21 22 23 24

Time (min)

()

Journal of Analytical Methods in Chemistry

2.0e5
2 7.427
5 1.5e5 M10
= 9.468
£ 10e5 M7 Mi8
2 11.577
S 5.0e4 3.775/
S
0.0e0
1234567 8 910111213 14151617 1819 20 21 22 23 24
Time (min)
MI15
2 2.0e5 10.600
g
2 1.5¢5
B
2 1.0e5
£ 5.0e4
0.0e0 A
1234567 8 91011121314151617 1819 20 21 22 23 24
Time (min)
M13
. 20000
2.
515000
fnd
£ 10000
g
2 5000 8,600
o* A f
123456 7 8 910111213 14151617 18 19 20 21 22 23 24
Time (min)
= 8.722
& 10000 M1z 12.404
&
g 5000 6.365 7.024
=
= o
1234567 8 91011121314151617 181920 21 22 23 24
Time (min)
M5
g 15000 Y 427
2. 10000
k-
£ 5000
5 0.958 3.477 8711 11.551
0%t A A
1234567 8 910111213141516 17 1819 20 21 22 23 24
Time (min)
M1l
__ 6000 N
Z 5000 9.521
<. 4000
£ 3000
£ 20001 0.730
£ 1000 | 2374 5794 7.217
ST I o TR W o
1234567 8 910111213141516 17 1819 20 21 22 23 24
Time (min)
M25
10000
> 13.211
Z 8000
. 6000
% 4000
= 2000 13.369
0‘ -
1234567 8 9101112131415 16 17 1819 20 21 22 23 24
Time (min)
2 5000 11.837
5 4000
>~
-‘2 ;ggg 12.126
g 11.712 M24
£ 1000 [ 21.976
K| o 12.686
1234567 8 91011121314151617 1819 20 21 22 23 24
Time (min)
()

FIGure 8: Extracted ion chromatograms (XIC) for metabolites in rats: (a) in blank feces sample; (b) in feces sample after an oral ad-
ministration of IM.

394 and m/z 215 are generated by the cleavage of benzamido
benzyl and piperazine. The fragment ion at m/z 215 was
composed of cysteine and 4-methyl-1-piperazine. M24 was
speculated to be the metabolite of 4-methyl-1-piperazinyl
with cysteine binding.

3.3. Metabolite Analysis in Urine. Compared with blank

urine

samples, in addition to the IM prototype drug, 18

metabolites were detected. Ion chromatography of all urine
metabolites extracted is shown in Figure 7. Comprehensive

analysis

of chromatographic  retention  behavior,
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FIGURE 9: Proposed metabolic pathways of IM in rats.

quasimolecular jons, and secondary fragments ions are
shown in Table 1.

3.4. Metabolite Analysis in Feces. Compared with blank stool
samples, in addition to the IM prototype drug, 12 com-
pounds were also detected. The extracted ion chromato-
grams of all feces metabolites are shown in Figure 8.
Comprehensive analysis of chromatographic retention be-
havior, quasimolecular ions, and secondary fragments ions
is presented in Table 1.

3.5. Metabolic Pathways of IM in Rats. In summary, the
UHPLC-Q-TOF-MS/MS method was used to study the
metabolism of IM in rats. A total of 27 metabolites were found,
including 22 phase I metabolites and 5 phase II metabolites.
The phase I metabolic pathways contained hydroxylation,
oxidation, catalytic dehydrogenation, and dealkylation; the
phase II metabolic pathways were N-acetylation, methylation,
cysteine binding reactions, and glucuronidation. These meta-
bolic pathways may also cross-link each other to generate
secondary metabolites. Based on the above results, the main
metabolic pathways of IM in rats are summarized in Figure 9.
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4. Discussion

In the results of this experiment, M1-M2, M4-M8, M10, M12-
Ml16, M18-M19, M21, and M24-M25 were previously re-
ported metabolites of IM. Among them, the characteristic
fragment ions and structures of M6, M7, M10, M14, M15, and
M18 were consistent with those of M3, M8, M5, M6,
N-demethyl metabolite, and M7 in the actual test results of
Marull and Rochat [18]. In this experiment, the structures of
M13, M21, and M25 were consistent with the previously
reported structures of M29.6 and APG050 and M42.2 [23].
The oxides and dioxides in the results of Friedecky et al.
(metabolites 59-61 and 65-74) may be consistent with M16
and M1, M4, M8, M12, and M19 in this study because they
shared the same molecular formula and weight [20]. M5 was
consistent with the previously reported dissociation products
of M519 B because they had the same characteristic fragment
ions and chemical structures [19]. M24 was also similar to the
reported M609, and they all have fragment ions at m/z 215, m/
z 394, m/z 478, and m/z 565 [24]. In addition, the experi-
mental results of M2 may be the same as metabolite No. 25 of
Rochat et al. [25], but they did not provide complete char-
acteristic fragments ion and structural formula. Therefore,
new content was added to this study. With regard to the effect
of IM metabolites, N-demethylated metabolites of IM (M15 in
this experiment) were the main metabolites of IM, although
they had similar effects. However, some studies have shown
that the pharmacological activity of N-demethyl IM was three
times lower than that of IM [26]. Mlejnek et al. also found that
N-demethyl IM had almost no therapeutic effect on CML
through K562 cell experiments [17]. In addition, some studies
have shown that some metabolic compounds, especially
highly demethylated and sulfur-containing compounds (M15
and M24 in this experiment) may be related to IM adverse
reactions [24, 26].

With regard to the newly discovered IM metabolites in
this experiment, M22 is an IM metabolite with a carboxyl
group, which was widely used in drug design and synthesis
and was often used to form pharmacophore of various
drugs. In addition, this group was reported to play a key
role in the interaction between drugs and targets [27]. M3
and M11 were newly discovered N-acetylated metabolites
in this experiment. Studies have shown that acetylated
compounds can induce apoptosis in CML cells (k562) and
IM-resistant CML cells (IR-K562). Therefore, these me-
tabolites may have the potential of value for the drug
development industry [28]. M23 was a newly discovered
N-methylated metabolite. It has been reported that
methylation biomarkers were closely related to drug re-
sistance, and it may help with the study on drug resistance
of CML [29]. M9 and M27 were the metabolites of
dealkylation. Studies showed that the dealkylation me-
tabolites of TKI had the same effect as the original drug.
Therefore, M9 and M27, as newly discovered IM deal-
kylation metabolites, may also have the potential drug
activity [21]. M26 and M20 were metabolites with alde-
hyde groups, which can lead to inactivation of cytochrome
P450, drug interaction (DDI), and hepatotoxicity. They
may provide a new way to investigate the toxicity of TKI
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drugs [16]. M17 was the first-phase metabolite of
N-demethylation and catalytic dehydrogenation, and it
was a new metabolite discovered for the first time.

The metabolites of IM and the fragment ions of IM
were mainly produced by the cleavage of the C-N bond at
the amide site, and the metabolic position of IM me-
tabolites was determined by the increase or decrease of the
molecular weight of the corresponding fragment ions. For
example, N-oxidized metabolites tend to lose O on N
during mass spectrometry cleavage, thus forming frag-
ment jons lacking 16 Da. Therefore, the type and location
of metabolic reaction can be determined by comparing the
changes of the ion-to-nucleus ratio of fragments. In ad-
dition, in the analysis of IM and its phase II metabolites by
two-phase full scan mass spectrometry, it was found that
the glucuronic acid conjugate and cysteine conjugate first
removed the binding group and obtained the corre-
sponding mother nucleus.

5. Conclusions

In this study, the metabolic spectrum of IM in rats was
studied using UHPLC-Q-TOF-MS/MS technique. 27 IM
metabolites (18 known and 9 unknown) were found in
plasma, bile, urine, and feces, including 18 in plasma, 21 in
bile, 18 in urine, and 12 in feces. There were 22 metabolites in
phase I. M6, M7, M10, M14, and M18 were formed by
hydroxylation. M13, M16, M21, and M26 were formed by
oxidation, and M5 was formed by catalytic dehydrogenation.
M9, M15, and M27 were generated by dealkylation meta-
bolism. M1, M4, M8, M12, M17, M19, M20, M22, and M25
were produced by cross-reaction. There were five phase II
metabolites, M2 was formed by glucuronic acid-binding
reaction, and M23 is through methylation. M11 and M3
were formed by N-acetylation and M24 was due to the
cysteine binding reaction. IM and its phase I metabolites can
be combined with endogenous substances to greatly improve
the water solubility of metabolites and the level of drug
excretion. However, the methylation metabolite M23 (II
phase) of IM was on the contrary. Under the action of
methylation, the methylated compound S-adenosyl meth-
ylthiamine (SAM) was used as a cofactor. After being cat-
alyzed by methyltransferase, methyl was transferred to the
O, S, N atoms of the substrate to form a less polar product,
resulting in a decrease in the water solubility of the me-
tabolite, making it difficult to be excreted. Since more
metabolites were found in bile and urine, it was suggested
that IM and its metabolites rely on bile and urine for
metabolism and excretion.
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