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BACKGROUND AND PURPOSE
Famitinib is a novel multi-targeted receptor tyrosine kinase inhibitor under development for cancer treatment. This study aims
to characterize the metabolic and bioactivation pathways of famitinib.

EXPERIMENTAL APPROACH
The metabolites in human plasma, urine and feces were identified via ultra-high performance liquid chromatography-
quadrupole-time of flight-mass spectrometry and confirmed using synthetic standards. Biotransformation and bioactivation
mechanisms were investigated using microsomes, recombinant metabolic enzymes and hepatocytes.

KEY RESULTS
Famitinib was extensively metabolized after repeated oral administrations. Unchanged famitinib was the major circulating
material, followed by N-desethylfaminitib (M3), whose steady-state exposure represented 7.2 to 7.5% that of the parent drug.
Metabolites in the excreta were mainly from oxidative deamination (M1), N-desethylation (M3), oxidative defluorination
(M7), indolylidene hydroxylation (M9-1 and M9-5) and secondary phase-II conjugations. CYP3A4/5 was the major contributor
to M3 formation, CYP3A4/5 and aldehyde dehydrogenase to M1 formation and CYP1A1/2 to M7, M9-1 and M9-5
formations. Minor cysteine conjugates were observed in the plasma, urine and feces, implying the formation of reactive
intermediate(s). In vitro microsomal studies proved that famitinib was bioactivated through epoxidation at indolylidene by
CYP1A1/2 and spontaneously defluorinated rearrangement to afford a quinone-imine species. A correlation between famitinib
hepatotoxicity and its bioactivation was observed in the primary human hepatocytes.

CONCLUSION AND IMPLICATIONS
Famitinib is well absorbed and extensively metabolized in cancer patients. Multiple enzymes, mainly CYP3A4/5 and
CYP1A1/2, are involved in famitinib metabolic clearance. The quinone-imine intermediate formed through bioactivation may
be associated with famitinib hepatotoxicity. Co-administered CYP1A1/2 inducers or inhibitors may potentiate or suppress its
hepatotoxicity.

Abbreviations
ABT, 1-aminobenzotriazole; BSO, L-buthionine-sulphoximine; CCK-8, cell counting kit-8; CE, collision energy; CYP,
cytochrome P450; FMO, flavin mono-oxygenases; GSH, glutathione; HIM, human intestinal microsomes; HLM, human
liver microsomes; HPM, human pulmonary microsomes; HRM, human renal microsomes; IS, internal standard; KET,
ketoconazole; MEH, microsomal epoxide hydrolase; NADPH, b-nicotinamide adenine dinucleotide 2′-phosphate reduced
tetrasodium salt; NQO1, recombinant human NAD(P)H : quinone oxidoreductase 1; RTK, receptor tyrosine kinase;
UHPLC/Q-TOF MS, ultra-high performance liquid chromatography-quadrupole-time of flight-mass spectrometer; a-NF,
a-naphthoflavone
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Introduction
Receptor tyrosine kinases (RTKs) are a family of cell surface
growth factor receptors that are crucial in many cellular bio-
logical processes, such as growth, differentiation, migration
and apoptosis. These enzymes act by controlling the initia-
tion of signal transduction pathways. RTKs are not only
primary regulators in normal cells but are also critically
involved in the development and progression of cancers
(Zwick et al., 2001; Gschwind et al., 2004). Therefore, RTKs
are important therapeutic targets in anti-cancer drug
design. Sunitinib, N-(2-diethylaminoethyl)-5-[(Z)-(5-fluoro-2-
oxo-1H-indol-3-ylidene)methyl]-2,4-dimethyl-1H-pyrrole-3-
carboxamide, marketed as Sutent® by Pfizer, is an oral,
small-molecule, multi-targeted RTK inhibitor approved by
the US Food and Drug Administration in 2006 for the
treatment of renal cell carcinoma and imatinib-resistant gas-
trointestinal stromal tumour (Cabebe and Wakelee, 2006;
Hartmann et al., 2009). Despite the impressive effectiveness
of sunitinib treatment, several cases of liver failure and fatal-
ity were documented in clinical trials and post-marketing
surveys. In 2010, a regulatory black box warning was released
on sunitinib for its hepatotoxicity (Mueller et al., 2008; Eisen
et al., 2012). In addition, sunitinib is associated with pulmo-
nary toxicity, which has a low incidence rate but can be
severe and sometimes be fatal (Goodman et al., 2007; Socin-
ski et al., 2008).

Famitinib (SHR1020), 5-[2-(diethylamino)ethyl]-2-[(Z)-
(5-fluoro-2-oxo-1H-indol-3-ylidene)methyl]-3-methyl-6,7-
dihydro-1H-pyrrolo[3,2-c]pyridin-4(5H)-one, a structural
analogue of sunitinib, is a novel and potent multi-targeted
RTK inhibitor that is currently undergoing phase II clinical
trials in China for the treatment of renal cell carcinoma,
gastrointestinal stromal tumours, pancreatic cancer and
nasopharyngeal carcinoma. Compared with sunitinib,
famitinib exhibits superior inhibition activities against mul-
tiple RTKs, including stem-cell factor receptor, vascular
endothelial growth factor receptor 2/3, platelet-derived
growth factor receptor b, FMS-like tyrosine kinase-1/3 recep-
tor and proto-oncogene tyrosine-protein kinase receptor RET,
on various cell lines. Animal studies also demonstrated the
higher potency of famitinib in tumour growth inhibition in
human tumour xenograft models (Lou et al., unpubl. data).
Current clinical trials showed that famitinib has anti-tumour
effects similar to those of sunitinib but at a considerably
lower therapeutic dose. Hepatotoxicity was also observed in
patients after famitinib treatment (Zhou et al., 2011). This
adverse reaction is of low incidence, develops several days
after commencement of therapy and is thus considered as an
idiosyncratic toxicity.

To understand fully the efficacy and safety of new drugs,
the disposition and metabolism of the agent must be deter-
mined during the course of clinical development. Metabolites
that present in humans can contribute to the pharmacologi-
cal effect or cause undesired toxicity (Baillie et al., 2002). The
pharmacokinetics, metabolism and disposition of famitinib
in rats have been investigated (Chen et al., unpubl. data).
After oral administration, famitinib is absorbed with a mod-
erate bioavailability of 40.9% and is readily distributed
throughout the body. The plasma levels of famitinib reach
the peak at approximately 6.3 h post dose and then decrease

with a long half-life of 9.5 h. Famitinib elimination is mainly
governed by metabolism, with the metabolites secreted pri-
marily in the feces. N-Desethylfaminitib, which is pharmaco-
dynamically active but exhibits a lower potency than the
parent drug, is the major metabolite identified in rats. Thiol
conjugates were also detected, implying the tendency of
famitinib to form a reactive intermediate. This behaviour
intensified the concern on the safe use of this drug. These
results in rats indicate an extensive metabolism and similar
bioactivation of famitinib may also occur in humans. There-
fore, the potential links between the hepatotoxicity of
famitinib observed in clinical studies and its bioactivation
process must be evaluated.

The objectives of the current study are (i) to characterize
the metabolic pathways of famitinib in cancer patients at the
steady state following repeated oral administration, (ii) to
determine the pharmacokinetic parameters and primary
elimination route of famitinib, (iii) to explore the underly-
ing biotransformation and bioactivation mechanisms of
famitinib using different in vitro systems and (iv) to conduct
a preliminary investigation on the correlation between
the formation of the reactive metabolite(s) of famitinib
and the famitinib-induced cytotoxicity in primary human
hepatocytes.

Methods

Chemicals
Famitinib L-malate capsules manufactured by Jiangsu
Hengrui Medicine Co. Ltd. (Lianyungang, China) were used
for clinical trials. The reference standards of famitinib (purity
98.8%), 5-[2-(diethylamino)ethyl]-2-[(Z)-(5-chloro-2-oxo-1H-
indol -3-ylidene)methyl] -3-methyl -6,7-dihydro-1H -pyrrolo
[3,2-c]pyridin-4(5H) -one (SHR115692, purity 98.6%), 5-
[2-(ethylamino)ethyl]-2- [(Z) - (5-fluoro-2-oxo-1H - indol -3-
ylidene)methyl ] -3-methyl -6,7-dihydro-1H -pyrrolo[3,2-c ]
pyridin-4(5H ) -one (SHR116637, purity 98.7%), 5- [2-
(ethylamino)ethyl] -2- [ (Z ) - (5-hydroxy-2-oxo-1H - indol -3-
ylidene)methyl ] -3-methyl -6,7-dihydro-1H -pyrrolo[3,2-c ]
pyridin-4(5H ) -one (SHR141371, purity 90.0%), 5-
[2(diethylamino) ethyl]-2-[(Z)-(5-hydroxy-2-oxo-1H-indol-3-
ylidene) methyl]-3-methyl-6,7-dihydro-1H-pyrrolo [3,2-c]
pyridin-4(5H ) -one (SHR141227, purity 84.3%), 5- [2-
(diethylamino)ethyl ] -2 - [(5 - fluoro-2-oxo-1H - indol - 3-yl )
methyl] -3-methyl -6,7-dihydro-1H -pyrrolo[3,2-c ]pyridin-
4(5H)-one (SHR 139088, purity 91.7%), 5-[2-(diethylamino)
ethyl]-2-[(Z)-(5-fluoro-6-hydroxy-2-oxo-1H-indol-3-ylidene)
methyl ] -3-methyl -6,7-dihydro-1H -pyrrolo[3,2-c]pyridin-
4(5H)-one (SHR141226, purity 75.0%) were synthesized by
Jiangsu Hengrui Medicine Co. Ltd. The following chemicals
were purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO): glutathione (GSH), b-nicotinamide adenine dinucle-
otide 2′-phosphate reduced tetrasodium salt (NADPH),
1-aminobenzotriazole (ABT), a-naphthoflavone (a-NF), sulp-
haphenazole, ticlopidine, quinidine, chlormethiazole, keto-
conazole (KET), 4-methylpyrazole, raloxifene, omepreazole,
L-buthionine-sulphoximine (BSO), (-)borneol and leucine
enkephalin. All other reagents and solvents were either ana-
lytical or HPLC grade.
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Enzyme sources
Microsomal epoxide hydrolase (MEH) and recombinant
human NAD(P)H: quinone oxidoreductase 1 (NQO1) were
purchased from Sigma-Aldrich Chemical Co. Human liver
microsomes (HLM), recombinant cytochrome P450 isozymes
(CYP1A1, CYP1A2, CYP1B1, CYP2A6, CYP2B6, CYP2C8,
CYP2C9, CYP2C19, CYP2D6, CYP2E1, CYP3A4, CYP3A5 and
CYP4A11) and recombinant flavin mono-oxygenases (FMO1,
FMO3 and FMO5) were purchased from BD Biosciences
(Woburn, MA). Human intestinal microsomes (HIM), human
pulmonary microsomes [HPM(NS), non-smoker; HPM(S),
smoker], human renal microsomes (HRM) and cryopreserved
primary human hepatocytes were obtained from XenoTech
LLC (Lenexa, KS).

Human study and sample collection
The mass balance and pharmacokinetics of famitinib in
patients were determined in the present open-label and
single-centre study. The protocol was approved by the Ethics
Committee of the Cancer Institute and Hospital, Chinese
Academy of Medical Sciences. The study was conducted in
compliance with Good Clinical Practice and the principles of
the Declaration of Helsinki. All participants signed informed
consent forms after being advised of the nature and risks
associated with the study.

Fifteen subjects (eight male and seven female) with solid
tumours (Supporting Information Table S1) were enrolled in
the study. The mean age of the subjects was 48.7 years (range
39 to 64 years), and weight was 64 kg (range 40 to 79 kg).
Each subject received repeated oral administration of 20 mg
(group 1, eight subjects) or 27 mg (group 2, seven subjects)
famitinib L-malate capsules q.d. for 28 consecutive days.
Three subjects from each group participated in the mass
balance study. Serial blood samples were collected and placed
in heparinized tubes prior to famitinib administration; at 1,
2, 3, 4, 6, 8, 12 and 24 h post dose on days 1 and 28; and at
pre-dose on days 6 to 14. Plasma was harvested via centrifu-
gation. Fecal and urine samples were separately collected
daily from days 15 to 17. At the end of each collection
interval, the total urine volume and the total fecal weight
were recorded. Each fecal sample was extracted with 1 L of
ethanol, ultrasonicated and then centrifuged at 2000¥ g. All
samples were stored at -20°C until analysis.

Metabolite profiling and identification
The pooled plasma samples at the trough (pre-dose on days
11 to 13) and peak (4 and 6 h post dose on day 28) steady-
state levels from each group were separately prepared by
mixing an equal volume of plasma sample across individuals.
Two grand pools of urine samples (steady state on days 15 to
17) from groups 1 and 2 were separately prepared by com-
bining volumes that are proportional to the total volume at
each urine collection from all subjects. Two grand pools of
fecal extract samples (steady state on days 15 to 17) from
groups 1 and 2 were separately prepared by combining
volumes that are proportional to the total volume of each
fecal extract from all subjects. A 300 mL aliquot of each
pooled sample was precipitated with acetonitrile (600 mL) and
then centrifuged at 11 000¥ g. The supernate was collected,
evaporated to dryness under a nitrogen stream at 40°C and

then reconstituted in 100 mL water/acetonitrile (90:10, v/v)
solution. A 10 mL aliquot of the reconstituted solution was
injected into the ultra-high performance liquid chromato-
gram coupled with a quadrupole-time of flight-mass spec-
trometer (UHPLC/Q-TOF MS) system for analysis.

A 150 mL aliquot of pooled urine sample was incubated
with 150 mL b-glucuronidase (2000 units of Type HA-4;
Sigma-Aldrich) in 1 M citrate buffer solution (pH 5.0) at 37°C
for 16 h. The samples were then prepared as described above.

Metabolite profiling and identification were performed on
an Acquity UHPLC/Synapt Q-TOF MS (Waters Corp., Milford,
MA) with an electrospray ionization source. Separation
was achieved on an Acquity UPLC® HSS T3 column
(100 mm ¥ 2.1 mm i.d., 1.8 mm; Waters Corp.). The mobile
phase was a mixture of 5 mM ammonium acetate solution
with 0.1% formic acid (A) and acetonitrile (B). The gradient
elution program consisted of 5% B held for 2 min, a 13 min
linear gradient to 36% B and maintained for 1 min, a linear
increase to 99% B for the succeeding 1 min and finally a
decrease to 5% B to equilibrate the column. The column
temperature was 40°C, and the flow rate was 0.45 mL·min-1.
The UHPLC effluent was monitored via UV detection at
424 nm. MS detection was conducted in the positive electro-
spray ionization (ESI+) mode. The main operating parameters
for the Q-TOF MS were set as follows: capillary voltage,
3000 V; cone voltage, 40 V; source temperature, 120°C; des-
olvation temperature, 350°C; collision gas, argon; desolva-
tion gas (nitrogen) flow rate, 700 L·h-1; data acquisition
range, m/z 80 to 1000; and data format, centroid. The lock
mass solution was leucine enkephalin with a reference mass
at m/z 556.2771. Data analysis and instrument control were
performed using the MassLynx 4.1 software (Waters Corp.).
Metabolite screening was performed using the MetaboLynx
software, a subroutine of the MassLynx software, on the basis
of accurate mass measurements. The structures of famitinib
and its metabolites were elucidated via MSE fragmentation, in
which two separate scan functions were programmed with
independently low and high collision energies (CEs). Authen-
tic standards, when available, were used to compare the chro-
matographic retention times and fragmentation patterns.

Determination of famitinib and
N-desethylfamitinib (M3, SHR116637)
concentrations in plasma, urine and feces
The concentrations of famitinib and M3 in plasma, urine and
feces were determined via a validated LC-MS/MS method. A
50 mL aliquot of SHR115692 solution [internal standard (IS),
100 ng·mL-1 for plasma, 500 ng·mL-1 for urine and feces] and
300 mL of 0.1 mmol·L-1 NaOH solution were added to 200 mL
of plasma, urine or fecal extract sample. The mixture was
extracted with 3 mL ethylether-dichloromethane (3:2, v/v)
via vortex mixing for 5 min, followed by centrifugation at
2000¥ g for 5 min. The upper organic layer was then trans-
ferred to another tube and evaporated to dryness at 40°C
under a nitrogen stream. The residue was reconstituted in
200 mL of the mobile phase, and a 10 mL aliquot was injected
into the LC-MS/MS system for analysis. The LC system con-
sisted of two LC-20AD pumps and a SILHTA autosampler
(Shimadzu, Kyoto, Japan). An Ultimate XB-C18 (150 mm ¥
4.6 mm i.d., 5 mm; Welch Materials, Ellicott, MD) with a

BJPMetabolism and bioactivation of famitinib

British Journal of Pharmacology (2013) 168 1687–1706 1689



SecurityGuard C18 column (4.0 mm ¥ 4.6 mm i.d., 5 mm; Phe-
nomenex, Torrance, CA) was used for the chromatographic
analysis. A mixture of 5 mM ammonium acetate/acetonitrile/
acetic acid (40:60:0.1, v/v/v) was used as the mobile phase at
a flow rate of 0.6 mL·min-1. For the MS detection, an API 4000
triple-quadrupole mass spectrometer (Applied Biosystems,
Concord, Ontario, Canada) and multiple reaction monitor-
ing (m/z 411 → 338 for famitinib, m/z 383 → 338 for
N-desethylfamitinib and m/z 427 → 354 for SHR115692) were
applied in an ESI+ mode. The Analyst 1.4.1 software (Applied
Biosystems) was used for data acquisition and processing.
Calibration curves were constructed via a linear-weighed
least-squares (1/¥ 2) regression method. The standard curve
ranges for both famitinib and N-desethylfamitinib were 0.050
to 100 ng·mL-1 in plasma, 1.00 to 2000 ng·mL-1 in urine and
30.0 to 10 000 ng·mL-1 in feces.

The pharmacokinetic parameters of famitinib and M3 were
calculated via non-compartmental analysis using the Win-
Nonlin 5.3 software (Pharsight Corp., Mountain View, CA,
USA). The peak plasma concentration (Cmax), trough plasma
concentration (Cmin) and the time of occurrence of Cmax (Tmax)
were directly obtained from the plasma concentration–time
profiles. The area under the concentration–time curve up to
the last sampling time (AUC0–24h) was calculated using the
linear trapezoidal method for ascending concentrations and
the log trapezoidal method for descending concentrations
over the dosing interval (24 h). The degree of fluctuation
values (DF) were estimated as (Cmax - Cmin)/Cav ¥ 100%, where
Cav = AUC0–24h/24 h. The accumulation ratios (AR, day 28/day
1) for AUC0–24h were calculated for each subject.

Semi-quantification of famitinib metabolites
in urine and feces
Generally, common metabolites such as dealkylated and
hydroxylated metabolites share similar UV spectra with the
parent compound. Thus, the UV absorbance can roughly
reflect the relative quantities of metabolites. The excellent
chromatographic resolution of UHPLC allows the separation
of metabolites from one other, thereby enabling the semi-
quantification of the major metabolites via a UHPLC-UV
method. The famitinib metabolites in urine (M0-1, M1, M2,
M3-1, M4, M5-2, M7, M9-1, M9-2, M11, M12-1, M15-1,
M15-2, M16, M17-1, M17-3, M18, M20-2, M20-3 and M20-4)
and feces (M0-1, M1, M2, M3-1, M5-1, M5-3, M7, M9-1,
M9-2, M9-4, M9-7, M11, M13, M14-2, M15-1 and M15-2)
were semi-quantified. The urine and fecal extract samples
(300 mL) were processed via acetonitrile precipitation, evapo-
ration and reconstitution. The chromatographic conditions
for semi-quantification were the same as those in Metabolite
identification and profiling. The concentration of each analyte
was calculated by dividing the UV peak area of the analyte by
that of famitinib and then multiplying the result by the
concentration of famitinib determined by the LC-MS/MS
method.

Microsomal incubations
Stock solutions of famitinib and 5-hydroxyl-
defluorofamitinib (M7, SHR141227) were prepared in DMSO.
A typical incubation mixture containing the substrate
[famitinib (3 mM), M7 (100 nM or 1 mM)] was mixed

with microsomes [HLM, HIM, HRM, HPM(NS), HPM(S),
1 mg·mL-1], magnesium chloride (5 mM), EDTA (0.1 mM)
and PBS (100 mM, pH 7.4) to a final volume of 250 mL. The
final DMSO concentration during the incubation was 0.1%.
The mixture was pre-incubated at 37°C for 3 min and then
initiated by adding NADPH (final concentration of 1 mM).
The reaction was terminated after 60 min of incubation by
adding two volumes of ice-cold acetonitrile. To trap the reac-
tive metabolites, separate incubations were performed in the
presence of GSH at a final concentration of 2 mM. Control
samples without NADPH or the substrate were also prepared.
Each incubation was performed in duplicate. The samples
were centrifuged at 11 000¥ g. A 600 mL aliquot of the super-
nate was collected, evaporated to dryness under a nitrogen
stream at 40°C and then reconstituted in 100 mL of a water/
acetonitrile (90:10, v/v) solution. A 10 mL aliquot of the
reconstituted solution was injected into the UHPLC/Q-TOF
MS system for analysis.

To assess the relative contribution of the different micro-
somal enzyme systems to the metabolism of famitinib by
HLM, different chemical inhibitors or enzymes were added
into the incubation mixtures, including the non-specific CYP
inhibitor ABT (1 mM), the specific CYP1A1/2 inhibitor a-NF
(2 mM), CYP2C9 inhibitor sulphaphenazole (6 mM), CYP2B6/
2C19 inhibitor ticlopidine (0.4 mM), CYP2D6 inhibitor qui-
nidine (2 mM), CYP2E1 inhibitor chlormethiazole (0.1 mM),
CYP3A4/5 inhibitor KET (1 mM), alcohol dehydrogenase
inhibitor 4-methylpyrazole (10 mM), aldehyde dehydroge-
nase inhibitor disulphiram (10 mM), aldehyde oxidase inhibi-
tor raloxifene (100 nM), MEH (1 mg·mL-1) and NQO1 (20
units·mL-1). Each incubation was performed in triplicate.

Recombinant human CYP and
FMO incubations
The incubations were performed as previously described,
except that the microsomes were replaced by recombinant
cDNA-expressed CYP1A1, CYP1A2, CYP1B1, CYP2A6,
CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2E1,
CYP3A4, CYP3A5, CYP4A11, FMO1, FMO3 and FMO5. The
concentrations of enzymes were 50 nM. Control samples
without NADPH were also prepared. Each incubation was
performed in duplicate. The MS peak area ratios of the
detected metabolites to the IS in each incubation system were
recorded to determine the contributions of the selected P450/
FMO isozymes to the formation of the famitinib metabolites.
The highest ratio of each metabolite detected in the incuba-
tions was normalized to 100%. The ratios of the specific
metabolites in the other enzyme incubation samples were
then expressed as percentages relative to this highest level.

Primary human hepatocyte metabolism
and cytotoxicity
Cryopreserved primary human hepatocytes were recovered
according to the manufacturer’s protocol and then were
seeded into 96-well collagen I-coated plates (BD Biosciences)
at a density of 3 ¥ 105 cells·mL-1. The cells were then cultured
for 24 h prior to the addition of agents. Several inhibitors
were used to determine the relationship between famitinib
bioactivation and cytotoxicity. These inhibitors include the
non-specific CYP inhibitor ABT (1 mM), specific CYP1A1/2
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inhibitor a-NF (2 mM), GSH depletor BSO (100 mM) and glu-
curonidation inhibitor (-)borneol (500 mM). Each inhibitor
was pre-incubated with the cells 30 min prior to the addition
of the drug.

Famitinib (5, 10 and 15 mM) was then incubated with the
treated cells at 37°C in a humidified incubator containing
95% air/5% CO2. Each incubation was performed in tripli-
cate. After 24 h of incubation, the mediums from triplicate
incubations were collected and pooled to improve the UPLC/
Q-TOF MS sensitivity. A 250 mL aliquot of the pooled sample
was precipitated with acetonitrile (with IS), evaporated to
dryness and then reconstituted in 70 mL of a water/
acetonitrile (90:10, v/v) solution. A 10 mL aliquot of the
reconstituted solution was injected into the UHPLC/Q-TOF
MS system for metabolite profiling.

Cell viability was determined using the Cell Counting
Kit-8 (CCK-8, Dojindo Molecular Technologies, Gaithersburg,
MD) assay. A 100 mL aliquot of serum-free medium contain-
ing 10% CCK-8 was added to each well. The plates were
incubated at 37°C for 120 min. The absorbance was then
measured at 450 nm. The absorbance of the treated cells was
compared with that of the controls, whose cells were exposed
only to the vehicle and thus were considered as 100% viable.

Statistical analysis
Data are presented as means � SD values. Differences
between means were tested by one-way ANOVA with Dunnet’s
post hoc test using the Statistical Package for the Social Sci-
ences (SPSS) version 20.0 software (SPSS Inc., Chicago, IL).
Statistical significance was defined as P < 0.05. Graphic rep-
resentations of the results were created using GraphPad Prism
version 5.0 software (GraphPad Software Inc., San Diego, CA).
In the hepatocyte metabolism experiment, the mediums
from triplicate incubations were pooled; thus, the data
obtained represent the mean of triplicate incubations. The
difference in metabolite formation among different treat-
ment groups was only assessed by direct comparison of the
determined absolute values, but not by statistical significance
tests.

Results

Metabolite profiling and identification
in humans
The identities of the metabolites were elucidated based on
their accurate mass, as well as on chromatographic and MS
fragmentation comparisons with the parent compound
and available reference standards. The MS fragmentation
behaviour of the reference famitinib was first investigated.
Famitinib exhibited a protonated molecule [M + H]+ at m/z
411.2181 in the positive ion mode. In the high CE spectrum
(Figure 1A), famitinib gave a predominant ion at m/z
338.1303, which was formed by the cleavage of the alkyl C–N
bond and the loss of the diethylamine moiety. Low-
abundance product ions at m/z 296.1194, 294.1025
and 269.1069 were formed from the cleavage of the
methylpyrrolo-dihydropyridone. Based on the MS fragmen-
tation pattern, the structure of famitinib was divided into two
parts: A and B (Figure 1B). The structures of the metabolites

were tentatively characterized by determining the changes in
the m/z-values of these two segments.

Figures 2 and 3 show a total of 25, 40 and 27 metabolites
in human plasma, urine and feces after repeated oral admin-
istration of 27 mg famitinib L-malate capsules q.d. for 28
consecutive days respectively. Similar results have also been
observed in 20 mg treatment group. These metabolites were
designated as M0 to M20 according to their m/z-values.
According to the UV chromatograms, M0 was the predomi-
nant component in plasma; whereas M3, M18 and M20-2
were relatively minor (<10%). The major components in
urine were M0, M3, M7, M16, M17-1, M18, M20-2 and
M20-4; whereas those in feces were M0, M0-1, M1, M3, M7,
M9-1, M9-5 and M13. Detailed information on these metabo-
lites is summarized in Table 1. The proposed metabolic path-
ways of famitinib in humans are depicted in Figure 4.

M0. The extracted ion chromatograms of m/z 411.2196
showed two peaks at 10.4 and 14.4 min in plasma, urine and
feces. Upon further fragmentation, these peaks exhibited
product ions that are identical to those of the parent drug.
The retention time of the latter peak was the same as that of
the reference famitinib, indicating that this component was
unmetabolized famitinib, designated as M0. The retention
time of the earlier peak was the same as that of the degrada-
tion product of famitinib after UV exposure, suggesting that
this peak represented the E-isomer of the exocyclic double
bond of M0 that probably formed during sample handling.
The light-driven E/Z isomerization is not uncommon and has
been reported for many compounds that possess a C = C
bond (Tamai and Miyasaka, 2000; Xie et al., 2011; Speed et al.,
2012). Hence, all experimental operations should be carried
out in the dark.

M1. M1 was eluted at 14.7 min and displayed a protonated
molecule at m/z 370.1203, which is consistent with the
removal of a C4H11N moiety and the addition of O2 to
famitinib. The high CE mass spectrum of M1 gave two frag-
ment ions at m/z 296.1219 and 269.1069, reflecting
unchanged part B. A prominent fragment ion at m/z
324.1148, which is attributed to the neutral loss of a formic
acid from the precursor ion, was observed. This finding
implies the presence of a carboxylic acid group in the mol-
ecule of M1. Hence, M1 was proposed as an oxidative deami-
nated metabolite of famitinib. M1 was a major metabolite in
the urine and feces, but was not detectable in the plasma.

M3. The extracted ion chromatograms of m/z 383.1883
showed two peaks at 9.5 and 13.3 min in the plasma, urine
and feces. The protonated molecules were 28.0313 Da less
than the parent drug, which is indicative of N-desethylation.
The fragment ions were coincident with those observed in the
high CE spectrum of the parent drug. A comparison with a
synthetic standard (SHR116637) confirmed that the latter
peak was N-desethylfamitinib, designated as M3. The earlier
peak was the E-isomer of the exocyclic double bond of M3. M3
was a major component of human plasma, urine and feces.

M2 and M7. M2 and M7, detected in the plasma, urine and
feces, were eluted at 9.2 and 10.0 min respectively. The pro-
tonated molecules of M2 (m/z 381.1926) and M7 (m/z
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409.2249) were 2 Da lower than those of N-desethylfamitinib
and famitinib respectively. In addition, their fragment ions
at m/z 336.1332, 294.1246, 292.1068 and 267.1173 were
also 2 Da less than the corresponding fragment ions of
N-desethylfamitinib and famitinib. An analysis of the accu-
rate mass showed that the loss of 2 Da can be attributed
to defluorination and the incorporation of a hydroxyl
group. The identities of M2 (N-desethyl-5-hydroxyl-
defluorofamitinib) and M7 (5-hydroxyl-defluorofamitinib)
were further confirmed using synthetic standards
(SHR141371 and SHR 141227). M7 was found to be a major
metabolite in urine and feces.

M4 and M8. The retention times of M4 (m/z 385.2040) and
M8 (m/z 413.2353) were 8.9 and 10.0 min in both urine and
feces respectively. An analysis of the accurate mass indicated
that the elemental compositions of M4 and M8 were two
hydrogen atoms more than those of N-desethylfamitinib and
famitinib, respectively, which is indicative of hydrogenation.
The high CE mass spectra of M4 and M8 revealed identical
fragment ions at m/z 340.1447, 190.1067 and 189.0993. The

ion at m/z 340.1447, which is 2 Da higher than those of
N-desethylfamitinib and famitinib, was formed by the loss of
an ethylamine/diethylamine moiety. Moreover, the two diag-
nostic ions at m/z 190.1067 and 189.0993 may have been
generated by further cleavage of the bond between the 3-C of
indolylidene and the exocyclic carbon atom of the ion at m/z
340.1447, with the charge retained on the methylpyrrolo-
dihydropyridone part. This fragmentation pathway was
specific and was not observed for the parent drug, thus imply-
ing that hydrogenation occurred at the exocyclic double
bond. Further comparison of the retention time and MS frag-
mentation patterns with those of the synthetic standard
(SHR139088) confirmed the structural assignment of M8.
Similarly, M4 was tentatively identified as hydrogenated
N-desethylfamitinib.

M5 and M9. M5 and M9 exhibited protonated molecules
at m/z 399.1832 and 427.2145, which are 15.9949 Da
higher than those of N-desethylfamitinib and famitinib
respectively. This result is in line with those of a series of
mono-oxygenated metabolites.

Figure 1
Q-TOF mass spectrum of famitinib under high collision energy in the ESI+ mode (A) and tentative structures of the most informative fragment ions
for famitinib (B). The structure of famitinib could be divided into two parts according to the fragment pattern.
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Figure 2
Metabolic profiles of the pooled plasma samples at the (A) trough (pre-dose on days 11 to 13) and (B) peak (4 h and 6 h post dose on day 28)
steady-state level of after oral administration of 27 mg famitinib once daily for 28 days to patients. Upper trace, UHPLC-UV chromatogram. Lower
trace, MDF processed chromatogram. The inset is the expanded MDF processed chromatogram. The asterisk (*) indicates the E-isomer of M0.

Figure 3
Metabolic profiles of the pooled (A) urine and (B) fecal samples after oral administration of 27 mg famitinib once daily for 28 days to patients at
the steady-state level (on days 15 to 17). Upper trace, UHPLC-UV chromatogram. Lower trace, MDF-processed chromatogram. The inset is the
expanded MDF-processed chromatogram. The asterisk (*) and diamond (♦) indicate the E-isomers of M0 and M3 respectively.
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Four chromatographic peaks with a pseudo-molecular ion
at m/z 399.1832 were detected at 9.9, 10.1, 10.5 and 11.4 min
and were designated as M5-1 to M5-4 respectively. Under
further fragmentation, the four metabolites showed the same
fragment ions at m/z 354.1237, 312.1097, 310.0985 and
285.1002, all of which were ~16 Da higher than the corre-
sponding fragment ions that originated from part B of
famitinib. In addition, no dehydrated ion was observed for
these four metabolites, indicating the occurrence of aryl
hydroxylation. Based on these results, M5-1 to M5-4 were
tentatively identified as the indolylidene-hydroxylated
metabolites of N-desethylfamitinib.

Seven chromatographic peaks with a protonated mol-
ecule at m/z 427.2145 were detected at 10.8, 11.0, 11.6, 12.3,
12.8, 13.3 and 14.6 min, and were labelled as M9-1 to M9-7
respectively. M9-1 and M9-5 were major components in the
feces. M9-1, M9-2, M9-3 and M9-5 gave fragment ions
that are identical to those of M5, suggesting that these
components were the indolylidene-hydroxylated metabolites
of the parent drug famitinib. M9-3 was confirmed as

6-hydroxylfamitinib based on chromatographic and MS
fragmentation comparisons with the synthetic standard
SHR141226. The fragment ions of M9-1, M9-2, M9-3 and
M9-5 were also detected in the mass spectra of M9-4 and
M9-6. In addition, the appearance of ions at m/z 336.1149
and 292.0892 due to the dehydration of the fragment ions at
m/z 354.1288 and 310.0973, respectively, indicated the pres-
ence of an aliphatic hydroxyl group. Thus, the hydroxylation
probably occurred at the methylpyrrolo-dihydropyridone
moiety. Moreover, M9-7 showed the same fragment ions as
the parent compound, which were all derived from part B.
This result indicates that the diethylamine group (part A) was
the site of oxidation. M9-7 was eluted later than the parent,
and no dehydrated ion appeared in the spectrum, favouring
the possibility of an N-oxide.

M6 and M10. M6 and M10, which were found only in urine,
were eluted at 6.9 and 8.1 min respectively. The protonated
molecules of M6 (m/z 401.1989) and M10 (m/z 429.2302)
were 15.9949 Da higher than those of M4 and M8, which

Figure 4
Proposed metabolic pathways of famitinib in humans. Famitinib is extensively metabolized in vivo by oxidative deamination and N-desethylation
of the triethylamine moiety, oxidative defluorination and hydroxylation of the indolylidene moiety, combinations of above pathways and
secondary phase-II conjugation.
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were assumed to result from a combination of the hydrogena-
tion and mono-oxidation of N-desethylfamitinib and
famitinib respectively. M6 and M10 fragmented in a similar
manner under the high CE mode. The fragment ion at m/z
356.1405 was 16 Da higher than those of M6 and M10, indi-
cating that the oxygen atom was introduced into part B. The
sequential dehydration of this fragment ion yielded an ion at
m/z 338.1302, thus indicating that M6 and M10 were
aliphatic hydroxyl metabolites. The characteristic fragment
ions at m/z 190.1079 and 189.0992 represented that the
methylpyrrolo-dihydropyridone moiety was unmodified.
These results suggest that the site of hydroxylation was
located on the exocyclic methylene of M4 and M8.

M11, M12, M13 and M14. M11 and M13 were eluted at 8.4
and 9.0 min respectively. The protonated molecules of M11
(m/z 461.1495) and M13 (m/z 489.1805) were 79.9584 Da
higher than those of M2 and M7, indicating that these mol-
ecules were sulphate conjugates of M2 and M7 respectively.
The molecules shared identical fragment ions to M2 and M7,
except for the ion at m/z 416.0910 (336 + 80). This pattern
suggests that the sulphuric acid was attached to the part B of
M2 and M7, specifically to the 5-hydroxyl group produced
from oxidative defluorination. M13 was a major metabolite
in feces. By using the same strategy, M12-1 to M12-3 (m/z
479.1400) and M14-1 to M14-3 (m/z 507.1713) were tenta-
tively identified as the phenol sulphates of M5 and M9
respectively.

M15. The M15-1 (found in plasma, urine and feces) and
M15-2 (found in urine and feces) were eluted at 8.3 and
8.6 min respectively. These metabolites displayed a proto-
nated molecule at m/z 528.2280, with an elemental compo-
sition of C26H33N5O5S. These results indicate the addition of
C3H5NO2S to M7, which is consistent with the introduction
of one molecule of cysteine and the removal of two hydrogen
atoms. In the high CE spectra of M15-1 and M15-2, the base
peak ion was observed at m/z 455.1382, which corresponded
to the neutral loss of the diethylamine moiety. Another diag-
nostic fragment ion appeared at m/z 368.1006 and was
formed by the cleavage of the C–S bond of the cysteinyl
moiety. The appearance of this ion implies the presence of an
aromatic-oriented thioether motif (Xie et al., 2012). The para-
hydroxyaniline moiety of M7 provided an initial structural
alert because it can be oxidized to a highly electrophilic
quinone-imine species, as indicated by parallel studies on
several drugs possessing the para-hydroxyaniline moiety
(Dahlin et al., 1984; Kang et al., 2008; Wen and Moore, 2011).
Thus, M15-1 and M15-2 may be cysteine conjugates, with the
cysteinyl moiety attached to the benzene ring of the
quinone-imine intermediate.

M16, M17, M18, M19 and M20. M16 and M18 were eluted at
6.7 and 7.3 min respectively. The protonated molecules of
M16 (m/z 557.2247) and M18 (m/z 585.2559) were
176.0321 Da higher than those of M2 and M7 respectively.
The neutral loss of 176 Da from the precursor ions yielded
fragment ions at m/z 381.1942 and 409.2227, respectively,
indicating the presence of glucuronide conjugates. In addi-
tion, the loss of the ethylamine/diethylamine moiety and the
subsequent neutral loss of glucuronic acid (176 Da) resulted

in the appearance of ions at m/z 512.1636 and 336.1339.
These results indicate that the glucuronic acid was attached
to the part B of M2 and M7, specifically to the 5-hydroxyl
group produced from oxidative defluorination. By using the
same strategy, M17-1 to M17-3 (m/z 575.2153) and M20-1 to
M20-4 (m/z 603.2466) were tentatively identified as the
phenol glucuronides of M5 and M9, respectively, whereas
M19 was assigned as the N-glucuronide of famitinib. A
further attempt to determine the site of glucuronidation was
made by subjecting the urine sample to b-glucuronidase.
After incubation, the chromatographic peaks of M16, M17,
M18 and M20 disappeared, whereas those of M2, M5-1, M5-2,
M5-4, M7, M9-1, M9-2, M9-3 and M9-5 markedly increased.
M19 was resistant to hydrolysis. These results support our
structural assignments. M16, M17-1, M18, M20-2 and M20-4
were observed as major components in urine.

Pharmacokinetics and excretion of famitinib
The plasma concentrations of famitinib and its major circu-
lating metabolite N-desethylfamitinib (M3) were determined
during the oral administration of the drug (20 or 27 mg) to
patients once daily for 28 days. A summary of the pharma-
cokinetic parameters for famitinib and M3 in both groups is
presented in Table 2. After the first dose, the plasma concen-
trations of famitinib and M3 reached a maximum (Cmax)
between 4.4 and 6.8 h and between 5.3 and 7.8 h respec-
tively. Both famitinib and M3 were slowly removed from
circulation, and their concentrations at 24 h were 35.6% to
42.7% and 46.8% to 51.1% of the Cmax respectively. The
AUC0–24h of M3 was approximately 4.5% that of its parent
drug. After the last dose, the Cmax of famitinib and M3 were
observed at 5.1 h to 7.1 h and at 6.1 to 12.8 h respectively.
The AUC0–24h of M3 was 7.2% to 7.5% that of its parent drug.
After repeated administration, the Cmin (trough concentra-
tions) of famitinib and M3 reached steady-state levels on days
7 to 10 and on days 10 to 14 respectively. The accumulation
ratios of famitinib and M3 were 1.80 to 2.73 and 2.68 to 6.03
respectively.

At steady state, the amount of famitinib and the identi-
fied major metabolites that were excreted daily via urine and
feces accounted for 14.2% � 5.1% and 56.3% � 23.4% of the
dose respectively. In the urine samples, a combination of the
unchanged famitinib and its E-isomer M0-1 represented 2.4%
of the dose. The major metabolites M3, M7, M16, M17-1,
M18, M20-2 and M20-4 accounted for 1.1%, 1.0%, 1.1%,
0.6%, 1.6%, 1.6% and 1.6% of the dose respectively. In the
fecal samples, a combination of the unchanged famitinib and
its E-isomer M0-1 represented 17.6% of the dose. The major
metabolites M1, M3, M7, M9-1, M9-5 and M13 accounted for
6.2%, 5.9%, 3.7%, 4.2%, 7.3% and 3.0% of the dose respec-
tively. The combined urinary and fecal excretions of the two
cysteine conjugates (M15-1 and M15-2) accounted for 3.3%
of the dose.

In vitro metabolism of famitinib by human
liver microsomes
To understand the biotransformation mechanisms of
famitinib, the metabolism of famitinib was first investigated
using HLM, HIM, HRM and HPM. Approximately 70% of the
parent compound was consumed in the HLM incubations,
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whereas the utilized amounts of the parent compound in the
HIM, HRM and HPM incubations were only 23.1%, 21.7%
and 16.6%, respectively, of what was consumed in the HLM
incubations. Therefore, the liver is suspected to be the major
biotransformation site for famitinib.

The incubation of famitinib with the NADPH-
supplemented HLM generated 12 oxidative metabolites
(Figure 5). Based on the peak areas, N-desethylfamitinib (M3)
was the main in vitro metabolite with small amounts
of oxidatively deaminated carboxylic metabolite (M1),
N-desethylated and subsequent oxidative-defluorinated
metabolite (M2), two N-desethylated and aryl-hydroxylated
metabolites (M5-3 and M5-4), oxidatively defluorinated
metabolite (M7), hydrogenated metabolite (M8), three
indolylidene-hydroxylated metabolites (M9-1, M9-3 and
M9-5) and N-oxidized metabolite (M9-7). In addition, the
new metabolite M21, which was not observed in vivo, was
detected and tentatively characterized as an alcohol product
from oxidative deamination based on its elemental compo-
sition and high CE spectrum. The generation of M1 and M21
is supposed to be associated with the same oxidative deami-
nation pathway through an aldehyde intermediate, which
could be oxidized to the carboxylic metabolite M1 or could
alternatively react with reductase to produce the alcohol
metabolite M21. Thus, both M1 and M21 can be monitored
as indicators of oxidative deamination to aldehyde pathway
in the succeeding mechanistic studies. The properties of the
metabolites identified in the HLM incubations are listed in
Table 3. The absence of NADPH in the incubations implies
the absence of any metabolites.

Identification of the enzymes involved in
famitinib biotransformation
The catalytic activities of a panel of human recombinant CYP
and FMO isozymes in oxidizing famitinib were then exam-
ined. As summarized in Table 4, multiple CYPs and FMOs
participated in the oxidative biotransformation of fami-
tinib. All the tested isoforms were capable of famitinib

N-desethylation. The highest M3 production was observed in
the incubations with CYP3A5, followed by those with
CYP2C8, CYP1B1 and CYP3A4. Based on their average
hepatic expression, CYP3A4 was identified as the principle
isoform that mediates famitinib N-desethylation. Although
the relative abundance of CYP3A5 is much lower than
CYP3A4 in the liver, the role of CYP3A5 in M3 formation
should not be neglected due to its differential expression
levels among individuals. Likewise, M21 was predominantly
formed by CYP3A4/5; whereas M7, M9-1, M9-3 and M9-5
were catalysed by CYP1A1/2. The highest M9-7 production
was measured during incubation with FMO1, followed by
that with FMO3. FMO1 was found to be highly expressed in
the kidneys but not in the liver, whereas FMO3 was mainly
present in the liver. Thus, FMO3 is most likely to be the major
enzyme responsible for the formation of M9-7.

To determine further the relative contributions of the
different CYPs in famitinib biotransformation, ABT (non-
specific CYP inhibitor), a-NF (CYP1A1/2 inhibitor), sulp-
haphenazole (CYP2C9 inhibitor), ticlopidine (CYP2C19
inhibitor), quinidine (CYP2D6 inhibitor), chlormethiazole
(CYP2E1 inhibitor) and KET (CYP3A4/5 inhibitor) were used
to monitor the famitinib depletion and metabolite formation
in the HLM incubations. The results of these incubation
studies are presented in Figure 6. The depletion of famitinib
could be exclusively inhibited by the presence of ABT or KET
because the concentrations of unchanged famitinib in the
ABT and KET incubations were both approximately thrice as
much as that of control. These results suggest that CYP3A4/5
is the most important enzyme for famitinib oxidation in
HLM. In the presence of KET, the formations of M3, M21 and
M1 were inhibited by 70%, 81% and 92% respectively. In the
presence of a-NF, the formations of M7 and M9-5 (a major
indolylidene-hydroxylated metabolite) were inhibited by
53% and 74% respectively. M9-1 and M9-3 showed similar
trends. Other inhibitors did not show any marked inhibition
on these pathways. These results verified that CYP3A4/5 was
the key enzyme in N-desethylation and oxidative deamina-

Table 2
Pharmacokinetic parameters (mean � SD) of famitinib (M0) and N-desethylfamitinib (M3) following oral administration of 20 or 27 mg famitinib
L-malate once daily for 28 days in patients

tmax

(h)
Cmax

(ng·mL-1)
Cmin

(ng·mL-1)
Cav

(ng·mL-1)
AUC0–24h

(ng·h·mL-1)
DF
(%) AR

Dose = 20 mg (n = 8)

Day 1 M0 6.75 � 2.38 21.7 � 7.78 N.A. N.A. 333 � 119 N.A. N.A.

M3 7.75 � 2.71 0.963 � 0.366 N.A. N.A. 14.9 � 5.85 N.A. N.A.

Day 28 M0 7.13 � 3.36 44.2 � 18.4 20.8 � 8.32 33.5 � 14.5 805 � 348 71.0 � 31.3 2.73 � 1.29

M3 12.8 � 9.68 3.12 � 1.22 1.70 � 0.837 2.52 � 1.18 60.5 � 28.4 63.5 � 31.5 6.03 � 4.82

Dose = 27 mg (n = 7)

Day 1 M0 4.44 � 1.24 47.7 � 11.3 N.A. N.A. 674 � 221 N.A. N.A.

M3 5.33 � 2.78 1.99 � 0.490 N.A. N.A. 31.2 � 8.00 N.A. N.A.

Day 28 M0 5.14 � 1.07 73.5 � 15.9 28.2 � 9.79 50.2 � 14.7 1205 � 352 97.5 � 37.3 1.80 � 0.375

M3 6.14 � 3.39 4.57 � 1.58 2.63 � 1.34 3.60 � 1.57 86.5 � 37.7 64.0 � 40.8 2.68 � 0.860

N.A., not applicable.
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tion to aldehyde, whereas CYP1A1/2 had the highest efficacy
in oxidative defluorination and indolylidene hydroxylation.

To probe the underlying mechanisms for the oxidation of
the aldehyde intermediate to M1, 4-methylpyrazole (alcohol
dehydrogenase inhibitor), disulfiram (aldehyde dehydroge-
nase inhibitor) and raloxifene (aldehyde oxidase inhibitor)
were added to the HLM incubations for the measurement of
M1 and M21 formations. As shown in Figure 6, the yield of
M1 was attenuated by 42%, 94% and 18% in the presence
of 4-methylpyrazole, disulfiram and raloxifene respectively.
Thus, aldehyde dehydrogenase was implicated as the other
pivotal enzyme for M1 formation. Furthermore, the addition
of these inhibitors increased M21 formation, thereby demon-
strating that M1 and M21 were generated by two competing
pathways.

Bioactivation of famitinib and
5-hydroxyl-defluorofamitinib (M7) in HLM
The co-incubation of famitinib with GSH, NADPH and HLM
allowed for the detection of four GSH conjugates, namely,
M23-1, M23-2, M24-1 and M24-2 (Figure 5), which were
eluted at 8.2, 8.7, 8.7 and 9.1 min respectively. The proto-

nated molecules of M23-1 and M23-2 (m/z 686.2608) and
M24-1 and M24-2 (m/z 714.2921) were 305.0672 Da higher
than that of M2 and M7, thereby indicating the addition of
one molecule of GSH and the removal of two hydrogen
atoms. Upon further fragmentation, identical product ions
were observed at m/z 641.2028, 512.1597 and 368.1035. The
base peak ion at m/z 368.1035 was generated via the cleavage
of the C–S bond of the glutathionyl moiety, which suggested
the existence of an aromatic-orientated thioether motif in the
GSH conjugates. The ions at m/z 641.2028 and 512.1597
resulted from the loss of the ethylamine/diethylamine
moiety and the subsequent neutral loss of the pyroglutamic
acid moiety (129 Da). These results indicated that the GSH
molecule was most likely attached to the part B of M2 and
M7, specifically to the indolylidene moiety. Additionally,
several secondary metabolites of M24-1 and M24-2 were
detected, including two cysteinylglycine conjugates (M22-1
and M22-2) and two cysteine conjugates (M15-1 and M15-2).
M24-1 was the predominant GSH conjugate. Thus, for sim-
plicity, only M24-1 was shown in the mechanistic studies, but
similar trends were observed with all the other thiol conju-
gates. The identified thiol conjugates are listed in Table 3.

Figure 5
Metabolic profiles of famitinib (3 mM) in HLM: (A) without NADPH, (B) with NADPH and (C) with both NADPH and GSH. The inset is the expanded
chromatogram.
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Based on the detected GSH conjugates, the bioactivation
of famitinib is likely to proceed through the oxidation of M7
to a quinone-imine intermediate. To address this possibility,
M7 was incubated in NADPH- and GSH-supplemented HLM
at a low substrate concentration (100 nM), which was identi-
cal to the yields of M7 in NADPH-supplemented HLM with
famitinib. Unexpectedly, no GSH-related conjugate was dis-
cernible. When a much higher substrate concentration (1 mM)
was applied, M24-1 and M24-2 could be detected and their
yields were comparable with those observed in the famitinib
incubations. These observations confirmed that the reactive
intermediate of famitinib was a quinone imine. This interme-
diate was oxidized directly from famitinib, rather than from
M7, because the GSH conjugation in the M7 incubations was
much lower than that in the famitinib incubations.

M7 originated from famitinib oxidative defluorination,
whose initial step is reported to be epoxidation (Park et al.,
2001). The resulting epoxide or the quinone imine that was
rearranged from the epoxide is highly electrophilic. There-
fore, we anticipated that famitinib was bioactivated through
a pathway that involved epoxidation and defluorinated rear-
rangement to a quinone imine, which could be trapped by
GSH or reduced to M7. To test this hypothesis, MEH and
NQO1 were added to the incubations containing HLM with
famitinib, GSH and NADPH. As shown in Figure 7, the for-
mation of M24-1 was decreased by 47%, 50% and 71% in the
presence of MEH, NQO1 and a combination of both, respec-

tively. MEH likewise showed a moderate inhibitory effect
(48%) on the formation of M7, whereas the yield of M7 was
slightly increased after adding NQO1. These results collec-
tively supported the abovementioned hypothesis.

Identification of CYP isozymes responsible for
famitinib bioactivation
To determine which CYP isozymes(s) preferentially bioacti-
vating famitinib, the formation of M24-1 was investigated
using a panel of human recombinant CYP isozyme incuba-
tions with famitinib. Based on the data presented in Table 4,
CYP1A2 had the highest specific activity with respect to the
GSH adduct. The specific activity of CYP1A1 was approxi-
mately 55% that of CYP1A2. CYP1B1 and CYP3A4 also cata-
lysed M24-1 formation, but the levels of conjugate formation
were only 7.9% and 2.0%, respectively, of the levels formed
by CYP1A2. Furthermore, the capability of CYP isozymes to
oxidize M7 directly into the quinone-imine intermediate was
tested. Multiple CYP isozymes, including CYP1A1, CYP1A2,
CYP1B1, CYP2A6, CYP2B6, CYP2E1 and CYP3A4 were found
to be involved in this bioactivation pathway.

Based on the results from recombinant CYP experiments,
the selective inhibitors of CYP1A1/2 and CYP3A4, which are
a-NF and KET, respectively, were evaluated in HLM, HIM,
HRM, HPM(S) and HPM(NS). As shown in Figure 8, HLM
generated almost 12 times the amount of M24-1 as HIM, and
hundreds of times more than both HRM and HPM. Although

Table 3
UPLC-Q/TOF MS data for famitinib metabolites detected in human liver microsomes

No. Description
Rt
(min) Formula

Measured
M + H+

Error
(in ppm) +NADPH

+NADPH
+ GSH

M0 Parent 14.5 C23H27FN4O2 411.2218 5.4 + +
M1 Oxidative deamination to carboxylic acid 15.2 C19H16FN3O4 370.1231 7.6 + +
M2 N-Desethylation + oxidative defluorination 9.3 C21H24N4O3 381.1953 7.0 + +
M3 N-Desethylation 13.3 C21H23FN4O2 383.1891 2.7 + +
M5-3 N-Desethylation + aryl hydroxylation 10.6 C21H23FN4O3 399.1859 6.7 + +
M5-4 N-Desethylation + aryl hydroxylation 11.7 C21H23FN4O3 399.1870 9.5 + +
M7 Oxidative defluorination 10.1 C23H28N4O3 409.2264 6.0 + +
M8 Hydrogenation 10.1 C23H29FN4O2 413.2385 7.9 + +
M9-1 Aryl hydroxylation 10.9 C23H27FN4O3 427.2141 0.9 + +
M9-3 Aryl hydroxylation 11.6 C23H27FN4O3 427.2122 -5.4 + +
M9-5 Aryl hydroxylation 12.9 C23H27FN4O3 427.2169 5.6 + +
M9-7 N-Oxidation 14.7 C23H27FN4O3 427.2170 5.8 + +
M15-1 Oxidative defluorination + cysteine conjugation 8.4 C26H33N5O5S 528.2305 4.7 - +
M15-2 Oxidative defluorination + cysteine conjugation 8.7 C26H33N5O5S 528.2310 5.7 - +
M21 Oxidative deamination to alcohol 15.0 C19H18FN3O3 356.1408 -0.6 + +
M22-1 Oxidative defluorination + cysteinylglycine conjugation 8.3 C28H36N6O6S 585.2508 2.2 - +
M22-2 Oxidative defluorination + cysteinylglycine conjugation 8.6 C28H36N6O6S 585.2493 -0.3 - +
M23-1 N-Desethylation + oxidative defluorination + GSH conjugation 8.2 C31H39N7O9S 686.2556 -7.6 - +
M23-2 N-Desethylation + oxidative defluorination + GSH conjugation 8.7 C31H39N7O9S 686.2586 -3.2 - +
M24-1 Oxidative defluorination + GSH conjugation 8.7 C33H43N7O9S 714.2919 -0.3 - +
M24-2 Oxidative defluorination + GSH conjugation 9.1 C33H43N7O9S 714.2958 5.2 - +
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the formation of M24-1 in HPM was low, a striking difference
between smokers and non-smokers was observed. The
amount of M24-1 in HPM(S) was twice higher than that in
HPM(NS). The addition of a-NF attenuated M24-1 formation
in HLM, HRM, HPM(NS) and HPM(S) by 57%, 27%, 20% and
52% respectively, but did not alter the formation rate of
M24-1 in HIM. The addition of KET suppressed M24-1 for-
mation by 30% in HIM but had minimal inhibitory effects on
HLM, HKM and HPM.

Cytotoxicity and metabolism studies in
primary human hepatocytes
The clinical hepatotoxicity of famitinib has been docu-
mented (Zhou et al., 2011). Thus, the correlation between the

formation of the quinone-imine intermediate and famitinib-
induced hepatotoxicity was investigated using primary
human hepatocytes. The effect of famitinib on cell viability
was initially evaluated at various concentrations. The cells
were exposed to 0 mM to 15 mM famitinib for 24 h. The treat-
ment caused a dose-dependent cytotoxicity on the hepato-
cytes. As low as 50% cell viability was observed in the group
treated with famitinib at 15 mM, relative to the vehicle treat-
ment (Table 5).

To determine the molecular mechanisms of cytotoxicity,
different compounds were added to the culture medium to
examine their ability to modulate the toxic response. Mean-
while, the culture medium was collected and subjected to
metabolite identification to verify if the cytotoxic effects of

Table 4
Major oxidative metabolites and GSH conjugates of famitinib as catalysed by recombinant human cytochrome P450s and FMOs

Enzyme M3 M7 M9-1 M9-3 M9-5 M9-7 M21 M24-1

CYP1A1 29.6 87.7 55.2 31.4 39.6 24.8 – 55.0

CYP1A2 11.6 100 100 100 100 1.2 – 100

CYP1B1 45.0 8.9 14.6 15.2 22.6 9.5 – 7.6

CYP2A6 8.0 – – – – – 25.4 –

CYP2B6 7.3 – – – – 1.7 19.6 –

CYP2C8 63.8 – – – – 1.8 44.5 –

CYP2C9 9.8 – – – – 2.6 – –

CYP2C19 10.4 – – – – 0.9 – –

CYP2D6 8.0 – – – – 1.7 – –

CYP2E1 7.2 – – – – 2.3 – –

CYP3A4 31.3 2.0 1.9 19.5 1.2 1.5 77.7 2.0

CYP3A5 100 – – – – 0.9 100 –

CYP4A11 6.8 – – – – 1.0 17.2 –

FMO1 2.5 – – – – 100.0 – –

FMO3 5.4 – – – – 30.6 – –

FMO5 4.9 – – – – – – –

Data were presented as mean for two separate experiments. The highest ratio of each metabolite detected in the incubations was neutralized
to 100%. The ratios of the specific metabolites in the other enzyme incubation samples were then expressed as percentages relative to this
highest level.

Table 5
Famitinib-induced cytotoxicity in the primary human hepatocytes

Treatment

Famitinib concentration (mM)a

0 5 10 15

Hepatocyte 100 87.5 � 1.1 83.2 � 2.4 47.5 � 7.3

+1 mM ABT 95.7 � 5.0 101 � 3.6** 102 � 4.1*** 59.8 � 0.5*

+2 mM a-NF 99.9 � 0.2 103 � 3.6** 99.1 � 2.7*** 62.5 � 0.8*

+100 mM BSO 97.6 � 4.0 76.4 � 2.7* 73.7 � 1.2* 37.8 � 6.7

+500 mM (-)-Borneol 95.5 � 3.9 87.3 � 5.3 82.6 � 2.0 48.6 � 1.9

aData were presented as mean � SD for the cell viability of three separate experiments.
*P < 0.05, **P < 0.01, ***P < 0.001, versus respective incubations containing no inhibitors.
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famitinib were caused by bioactivation. The main metabolites
identified in humans were detected in hepatocyte incuba-
tions (Supporting Information Table S2). The major thiol
conjugates were the cysteine conjugates (M15-1 and M15-2),
whereas the GSH conjugates (M24-1 and M24-2) and the
cysteinylglycine conjugates (M22-1 and M22-2) were present
in trace amounts. After adding BSO (GSH depletor), a 22% to
51% decline in M15-1 formation was observed. This finding
indicates that the cysteine conjugates of famitinib in humans
were derived from GSH conjugates via the mercapturate
pathway. The formation of M15-1 was measured as an indi-
cator of the relative amount of the toxic quinone imine in the
hepatocyte incubations.

Figure 6
Incubations of famitinib (3 mM) in HLM in the presence of NADPH.
Different enzyme inhibitors, including ABT (non-specific CYP inhibi-
tor), a-NF (CYP1A1/2 inhibitor), sulphaphenazole (CYP2C9 inhibi-
tor), ticlopidine (CYP2C19 inhibitor), quinidine (CYP2D6 inhibitor),
chlormethiazole (CYP2E1 inhibitor), KET (CYP3A4/5 inhibitor),
4-methylpyrazole (alcohol dehydrogenase inhibitor), disulfiram
(aldehyde dehydrogenase inhibitor), raloxifene (aldehyde oxidase
inhibitor), were used to assess the relative contribution of different
microsomal enzyme systems to the metabolism of famitinib. (A) Effect
of CYP inhibitors on the depletion of the parent drug. (B) Effect of CYP
inhibitors on the formation of the oxidative-deaminated carboxylic
metabolite (M1), oxidative-deaminated alcohol metabolite (M21),
N-desethylated metabolite (M3), oxidative-defluorinated metabolite
(M7) and indolylidene-hydroxylated metabolite (M9-5). (C) Effect of
4-methylpyrazole, disulfiram, and raloxifene on the formation of M1
and M21. Each column represents the mean � SD of triplicate incu-
bations. *P < 0.05, **P < 0.01, ***P < 0.001, versus control.

Figure 7
Effect of human MEH and NQO1 on the formation of the oxidative-
defluorinated metabolite (M7) and the GSH conjugate (M24-1).
Each column represents the mean � SD of triplicate incubations.
***P < 0.001, versus control.

Figure 8
Comparison of the relative amounts of the GSH conjugate M24-1
formed in different human microsomal incubations, including
human hepatic, intestinal, renal and pulmonary microsomes (smoker
and non-smoker), with or without the addition of CYP inhibitors
a-NF (CYP1A1/2 inhibitor) and KET (CYP3A4/5 inhibitor). Data are
reported as the mean of duplicate incubations.
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The co-incubations with ABT (non-specific CYP inhibitor)
and a-NF (CYP1A1/2 inhibitor) at all tested concentrations
decreased the amount of M15-1 by 76% to 98% and thus
evidently increased hepatocyte viability (Table 5 and
Figure 9). These results suggest that CYP1A1/2 is involved in
the bioactivation of famitinib into a quinone-imine metabo-
lite. By contrast, BSO (GSH depletor) could exert a potentiat-
ing effect on famitinib cytotoxicity by increasing the amount
of the quinone-imine species. Regardless of the ability of
(-)-borneol (glucuronidation inhibitor) to increase the
amount of M7 in the incubations by 24% to 40%, the inhibi-
tor did not affect the yield of M15-1 and cytotoxicity, thereby
supporting the fact that the toxic quinone imine did not
originate from M7. No obvious cytotoxicity was observed
when the cells were cultured with the inhibitors alone.

Discussion and conclusions

This study characterized the metabolic pathways of famitinib
in cancer patients, determined its pharmacokinetic param-
eters and excretion properties, and established its biotrans-
formation and bioactivation mechanisms. The results also
clarified that the cytotoxicity of famitinib towards primary
human hepatocytes is triggered by the reactive quinone-
imine species.

Famitinib was slowly absorbed, with peak plasma levels
occurring at 4.4 h to 6.8 h post dose. This finding is similar to
that observed in a pre-clinical rat study. Based on the
UHPLC-UV chromatograms of the plasma samples, the circu-
lating drug-related materials were largely composed of the
unmodified drug. The major circulating metabolite was the
pharmacologically active metabolite N-desethylfamitinib
(M3), whose steady-state exposure was less than 7.5% of that

observed in its parent compound. Likewise, this level was less
than that observed in the pre-clinical toxicology species
(Chen et al., unpubl. data). Thus, no additional toxicological
investigations were necessary. The steady-state levels of
famitinib and M3 were achieved at 7 to 10 days and at 10 to
14 days post treatment, respectively, with the respective Cmin

values of 20.8 to 28.2 ng·mL-1 and 1.70 to 2.63 ng·mL-1. Rela-
tively small fluctuations were observed in their plasma levels
at the steady state. The accumulation degrees of famitinib
and M3 were moderate, with mean accumulation ratios
ranging from 1.80 to 2.73 and 2.68 to 6.03 respectively. This
accumulation may be due to the short dosing interval (24 h)
in relation to the long terminal elimination half-lives, which
were determined to be 33.5 and 48.4 h for famitinib and M3,
respectively, in another pharmacokinetic study after a single
25 mg oral dose of famitinib to eight healthy male volunteers
(Chen et al., unpubl. data).

The urine and fecal UHPLC-UV chromatograms indicated
that famitinib was extensively metabolized in patients. A
total of 40 and 27 metabolites were identified in urine and
feces, respectively, by UHPLC/Q-TOF MS. Whenever possible,
their proposed structures were supported by a comparison
with the synthetic standards. The metabolic scheme of
famitinib in humans is presented in Figure 4. Famitinib and
its metabolites were eliminated mainly via the fecal route
(approximately 56.3% of the daily dose), whereas the urinary
clearance was a minor route of elimination (approximately
14.2% of the daily dose). Majority (approximately 70%) of
the drug-related compounds recovered in the feces could be
attributed to the metabolites, rather than the parent com-
pound, revealing that famitinib was well absorbed from the
gut, metabolized in the liver and then cleared by the biliary–
fecal route. Moreover, the metabolic patterns in humans were
consistent over 28 days of repeated administration. Thus, the
metabolic enzymes responsible for famitinib metabolism
were neither induced nor inhibited.

Based on the UHPLC-UV chromatographic peak area, the
primary routes of famitinib biotransformation involved
N-desethylation (M3), oxidative deamination (M1), oxidative
defluorination (M7), indolylidene hydroxylation (M9-1 and
M9-5) and the subsequent phase-II conjugations of these
metabolites. The in vitro metabolism of recombinant human
isozymes and the microsomal chemical inhibition studies
demonstrated that multiple enzymes, including CYP3A4/5,
CYP1A1/2, aldehyde dehydrogenase and FMO3, participated
in the oxidative metabolism of famitinib.

Microsomal studies showed that CYP3A4/5-mediated
N-desethylation is important to famitinib. Similarly, CYP3A is
also reported to be the most effective enzyme in the metabo-
lism of sunitinib, a structural analogue of famitinib (Speed
et al., 2008). Drug–drug interactions between sunitinib and
the CYP3A inhibitor KET or the inducer rifampicin have been
reported. The concurrent administration of sunitinib with
KET or rifampin resulted in a 58.3% increase or a fourfold
reduction, respectively, in the AUC of sunitinib when com-
pared with dosing healthy volunteers with sunitinib alone
(Washington et al., 2003; Bello et al., 2005; Kim et al., 2009).
However, the contribution of CYP3A to the overall metabo-
lism and disposition of famitinib in humans was found to be
less vital when compared with its effects on sunitinib. The
exposure of the N-desethylated metabolite of sunitinib was

Figure 9
Formation of the cysteine conjugate M15-1 in primary human hepa-
tocyte incubations with different famitinib concentrations (5, 10 and
15 mM) in the presence of ABT (non-specific CYP inhibitor), a-NF
(CYP1A1/2 inhibitor), BSO (GSH depletor) and (-)-borneol (glucuro-
nidation inhibitor).
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approximately 55% that of the parent drug, and its fecal
excretion (25% of the administered dose) was almost twice
that of the parent (Speed et al., 2012). Much lower exposure
and excretion of M3 were observed for famitinib, such that
the exposure of M3 was less than 7.5% that of famitinib and
the daily excretion of M3 (7% of the administered dose) was
only one-third that of the parent. Thus, the CYP3A-based
drug–drug interaction of famitinib would be less significant
than that of sunitinib. The discrepancy between the in vivo
and in vitro metabolism data of famitinib might be explained
by the rapid phase II conjugations of the hydroxyl metabo-
lites (CYP1A-catalysed) and the sequential rapid excretion by
some transporters.

The identification of two cysteine conjugates (M15-1 and
M15-2) of famitinib, whose combined urinary and fecal excre-
tions accounted for 3.3% of the administered dose, provided
evidence for the formation of potentially harmful reactive
metabolites in vivo. HLM and hepatocyte metabolism studies
revealed that the cysteine conjugates in humans presumably
arose from the processing of GSH conjugates via the mercap-
turate pathway by g-glutamyltransferase and cysteinyl-glycine
dipeptidase. Moreover, the major reactive intermediate of
famitinib was confirmed to be a quinone imine because the

same GSH conjugates were detected in both famitinib and
5-hydroxyl-defluorofamitinib (M7) incubations, and the for-
mation of these conjugates could be suppressed by adding
NQO1. Quinone imines are known electrophiles that can
alkylate cellular nucleophilic macromolecules or alter the
redox state of cells (Stepan et al., 2011). Acetaminophen, amo-
diaquine and diclofenac exert their toxicities by oxidizing the
para-hydroxyaniline group into the reactive quinone-imine
species (Smolarek et al., 1990; Bort, 1999; Tafazoli and
O’Brien, 2009). However, the quinone-imine of famitinib was
not mainly formed by M7 oxidation. Instead, the intermedi-
ate originated directly from the parent molecule because
much lower GSH conjugation was observed in the M7 incu-
bations than in the famitinib incubations. The observed
inhibitory effect of MEH on the production of GSH conjugates
in famitinib incubations suggests that the first step of bioac-
tivation is the epoxidation of the indolylidene moiety of
famitinib to yield an epoxide intermediate, which is defluori-
nated and converted into the quinone-imine. The resulting
quinone imine can react with GSH or can be reduced by
NADPH or reductases to form M7. A plausible bioactivation
scheme for famitinib is depicted in Figure 10. The present
results could not rule out the possibility that GSH may directly

Figure 10
Proposed bioactivation mechanism of 5-fluoro-indolylidenes. The first step of bioactivation is the epoxidation of the indolylidene moiety to yield
an epoxide intermediate, which is defluorinated and converted into the quinone imine. The resulting quinone imine can react with GSH or can
be reduced by NADPH or reductases to form 5-hydroxyl-indolylidenes.
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react with a small portion of the epoxide intermediate prior to
its defluorination and rearrangement.

The incubation of famitinib with 12 major human recom-
binant CYP isoforms supplemented with NADPH and GSH
proved that CYP1A1/2 could catalyse famitinib bioactivation.
CYP1B1 and CYP3A4 could also catalyse this bioactivation
but to a much lesser degree. The CYPs were mainly expressed
in the liver, intestine, kidney and lung. Similarly, famitinib
was highly distributed in these organs in rats. After a single
oral dose (5 mg·kg-1) was given to rats, the famitinib concen-
trations in the lung, liver, kidney and intestinal were over 30,
15, 10 and 5 times higher than those in the plasma, respec-
tively (Supporting Information Table S3). If the tissue/plasma
ratios measured in rats are representative of those in humans,
similar tissue concentrations would be expected. Therefore,
famitinib bioactivation was investigated in human liver,
intestinal, renal and pulmonary microsomes. The GSH con-
jugates were detected in all the microsomal incubations,
among which the highest amount of the GSH conjugate
M24-1 was observed in HLM incubations. The high distribu-
tion of famitinib to the liver and lung tissues may increase
the incidence of toxicity in these tissues. Based on the activity
of specific chemical inhibitors and the relative concentra-
tions of CYPs in different tissues, CYP1A1/2 was identified to
be the primary enzyme responsible for famitinib bioactiva-
tion in the liver, kidney and lung; whereas CYP3A4 was
found to be responsible for famitinib bioactivation in the
intestine. Additionally, exposure to cigarette smoke increases
the mRNA and protein levels of CYP1A1 in human lung and
liver tissues (Villard et al., 1998; Hukkanen et al., 2002). In
this study, the incubations of famitinib with HPM(S) did
show a twofold increase in M24-1 relative to that with
HPM(NS). Thus, the augmented expression of CYP1A1 in the
lungs and livers of smokers may elevate their risk of associ-
ated toxicities.

Idiosyncratic hepatotoxicity is a common adverse reac-
tion of small-molecule RTK inhibitors observed in clinic, such
as imatinib, dasatinib, erlotinib, gefitinib, lapatinib and
sunitinib (Ayoub et al., 2005; Ho et al., 2005; Liu et al., 2007;
Bonvin et al., 2008; Loriot et al., 2008; Mueller et al., 2008;
Teo et al., 2012). Some of these RTK inhibitors could undergo
bioactivation to form reactive metabolites (Li et al., 2009a,b;
2010; Teng et al., 2010). However, the hepatotoxic mecha-
nisms and the correlation between bioactivation and hepa-
totoxicity, especially in view of the potential role of CYP in
promoting the toxicity, remain unclear. This study proved
that famitinib is toxic to primary human hepatocytes with an
IC50 of 13.7 mM. Furthermore, the addition of the non-specific
CYP inhibitor ABT and the CYP1A1/2 inhibitor a-NF into the
hepatocyte incubation could reverse the cytotoxicity induced
by famitinib and suppress the formation of the quinone
imine. These metabolism-based events may potentially and
partially contribute to the clinically observed idiosyncratic
hepatotoxicity. Particularly, BSO treatment could potentiate
the famitinib-induced cytotoxicity, which is attributed to the
BSO-induced GSH depletion. This depletion may intensify
the reactions of electrophilic quinone-imine species with
nucleophilic centres on critical biological proteins, thereby
initiating cytotoxicity. Furthermore, sunitinib also has a
5-fluoroindolylidene moiety in its molecule. Thus, analogous
bioactivation process of sunitinib was also observed (Support-

ing Information Figure S1). In the current study, sunitinib
exhibited identical cytotoxicity to famitinib, with an IC50 of
13.2 mM. However, the proposed lower therapeutic dose of
famitinib (25 mg) than sunitinib (50 mg) reduces its risk
of toxicity because the daily dose seems to be a key factor in
drug toxicity (Lammert et al., 2008; Stepan et al., 2011).

In conclusion, famitinib was well absorbed, extensively
metabolized and then eliminated primarily via biliary/fecal
route in cancer patients. The vast majority of drug-related
materials in circulation are represented by the unchanged
famitinib. The metabolites in excreta were mainly derived
from the CYP3A4/5-mediated N-desethylation, CYP3A4/5-
and aldehyde-dehydrogenase-mediated oxidative deamina-
tion and subsequent carboxylation, CYP1A1/2-mediated
oxidative defluorination and indolylidene hydroxylation,
and secondary phase II conjugations. The quinone-imine
intermediate formed directly from famitinib via epoxidation
by CYP1A1/2 at the indolylidene moiety and sequential
defluorination–rearrangement may be responsible for the
famitinib-induced cytotoxicity in primary human hepato-
cytes. Therefore, co-administered drugs that can induce
CYP1A1/2 may potentiate the toxicity of famitinib. The
metabolic and cytotoxicity data have expanded understand-
ing on the famitinib-induced hepatotoxicity. The potential
safety issues regarding famitinib, especially in patients who
continue to smoke, need further assessment. Efforts should be
made to unveil the underlying molecular mechanisms. This
study constitutes the first report confirming that the hepato-
toxicity of RTK inhibitors could be initiated by CYP-
dependent bioactivation. Understanding the correlation
between bioactivation and toxicity will provide an important
theoretical basis for the safe clinical use of RTK inhibitors and
the development of new therapeutic compounds.
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