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ABSTRACT
Indoline derivatives possess therapeutic potential within a va-
riety of drug candidates. In this study, we found that indoline is
aromatized by cytochrome P450 (P450) enzymes to produce
indole through a novel dehydrogenation pathway. The indole
products can potentially be bioactivated to toxic intermediates
through an additional dehydrogenation step. For example,
3-substituted indoles like 3-methylindole and zafirlukast [4-(5-
cyclopentyloxy-carbonylamino-1-methyl-indol-3-ylmethyl)-3-
methoxy-N-o-tolylsulfonylbenzamide] are dehydrogenated to
form 3-methyleneindolenine electrophiles, which react with
protein and/or DNA nucleophilic residues to cause toxicities.
Another potentially significant therapeutic consequence of in-
doline aromatization is that the product indoles might have
dramatically different therapeutic potency than the parent ind-
olines. In this study, indoline was indeed efficiently aromatized
by human liver microsomes and by several P450s, but not by
flavin-containing monooxygenase (FMO) 3. CYP3A4 had the

highest aromatase activity. Four additional indoline metabolites
[2,3,4,7-tetrahydro-4,5-epoxy-1H-indole (M1); N-hydroxyindole
(M2), N-hydroxyindoline (M3), and M4 ([1,4,2,5]dioxadia-
zino[2,3-a:5,6-a�]diindole)] were characterized; none was a me-
tabolite of indole. M1 was an arene oxide from P450 oxidation,
and M2, M3, and M4 were produced by FMO3. Our data indi-
cated that indoline was oxidized to M3 and then to an interme-
diate indoline nitrone, which tautomerized to form M2, and
subsequently dimerized to a di-indoline. This dimer was imme-
diately oxidized by FMO3 or atmospheric oxygen to the final
product, M4. No evidence was found for the P450-mediated
production of an aliphatic alcohol from indoline that might
dehydrate to produce indole. Therefore, P450 enzymes cata-
lyze the novel “aromatase” metabolism of indoline to produce
indole. The aromatase mechanism does not seem to occur
through N-oxidation or dehydration of an alcohol but rather
through a formal dehydrogenation pathway.

Indoline, 2,3-dihydroindole, is a “saturated” structural an-
alog of indole. Indoline-containing drugs have been utilized
as drug candidates in a variety of therapeutic fields and are
more frequently employed in new therapeutic entities in
recent years. Indolines have been widely investigated as
serotonin receptor agonists or antagonists. Examples in-

clude: SB-242084, a selective 5-HT2C receptor antagonist
with anxiolytic activity (Bromidge et al., 1997); SB-224289, a
selective 5-HT1B receptor antagonist with negative intrinsic
activity (Selkirk et al., 1998); and 1-(1-indolinyl)-2-pro-
pylamine, a 5-HT2C receptor agonist for the treatment of
obesity (Bentley et al., 2004). A series of potent factor Xa
inhibitors, the indoline derivatives of DX-9065a, could be
novel antithrombotics for the treatment and prevention of
thromboembolic diseases (Noguchi et al., 2006). Another in-
doline derivative, 5-amino-1-(3,5-dimethylphenyl)-indoline,
was reported as a selective cyclooxygenase-1 inhibitor for its
antiangiogenic property (Sano et al., 2006). Other indoline
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derivatives that have been investigated recently include:
DW2282, an anticancer agent (Hwang et al., 1999); 1-hexyl-
indolinelactam-V, a protein kinase C-selective activator (Na-
kagawa et al., 2006); and indoline methotrexate, an antirheu-
matic agent (Matsuoka et al., 1996). A fascinating
observation about indoline-containing therapeutic agents is
that all of these drugs are under development, not commer-
cially available yet. The lone exception is indapamide (Lozol),
which is an indoline diuretic drug used to treat edema and
hypertension (Sassard et al., 2005).

These indoline derivatives and the simple molecule indo-
line all share the same saturated pyrrole structure at the C-2
and C-3 position of the indoline ring and have at least one C-3
hydrogen atom available. 3-Substituted indoles, such as
3-methylindole, a pneumotoxicant, as well as zafirlukast, a
leukotriene antagonist, are both dehydrogenated by cyto-
chrome P450 enzymes to form 3-methyleneindolenine elect-
rophiles. These electrophiles can subsequently react with
protein and/or DNA nucleophilic residues to cause toxicities
(Nocerini et al., 1984; Kassahun et al., 2005). The mechanism
of P450-mediated dehydrogenation of 3-methylindole is be-
lieved to be initiated from 3-methyl hydrogen atom abstrac-
tion, followed by a second one-electron oxidation (Skiles and
Yost, 1996). We speculated that proaromatic substrates like
indoline and indoline derivatives mentioned above could be
dehydrogenated by P450s, through an “aromatase” mecha-
nism, to produce indoles, their aromatic products.

The dehydrogenation aromatase mechanism, reputedly oc-
curring through two one-electron oxidation steps, is different
from the CYP19-catalyzed aromatization, which contains a
sequence of two-carbon oxidations and an oxidative carbon-
carbon bond cleavage (Fishman, 1982). There are no studies
to date that have described the aromatization of indolines by
P450s, but the aromatization of 9,10-dihydrobenzo[e]pyrene,
1,2-dihydronaphthalene, 1,2-dihydroanthracene, 1,4-dihy-
dropyridines, as well as N-alkyl-1,2,3,4-tetrahydroquinoline
by rat liver microsomes and/or P450s was previously ob-

served (Wood et al., 1979; Guengerich and Bocker, 1988;
Boyd et al., 1993; Gu et al., 2006). A dehydrogenation mech-
anism was proposed for the formation of naphthalene and
anthracene from their dihydro compounds, rather than a
mechanism of hydroxylation followed by dehydration (Boyd
et al., 1993). From these observations and our previous de-
hydrogenation mechanism studies of 3-methylindole and
zafirlukast, it was hypothesized that indoline may be dehy-
drogenated by P450s to form indole.

The purpose of the study presented here was to determine
whether indole was formed by dehydrogenation of indoline by
investigating the in vitro metabolism of indoline by human
liver microsomes. To identify and structurally characterize
some of the metabolites by mass spectrometry and 1H NMR
analysis, the metabolism of indoline by individual recombi-
nant P450s and a readily available recombinant human fla-
vin-containing monooxygenase (FMO) 3 was also conducted.
The study utilized nucleophilic thiols, reduced glutathione
(GSH), and N-acetylcysteine (NAC) to trap putative reactive
intermediates that might be formed during indoline metab-
olism. In this study, in addition to describing the P450-
mediated dehydrogenation aromatization pathway, the N-
oxidation aromatization and dimerization/aromatization
pathways catalyzed by FMO3 through indoline nitrone for-
mation and nitrone cycloaddition were also characterized
(Fig. 1).

Materials and Methods
Materials. Indoline, indole, oxindole, 4-hydroxyindole, NADPH,

reduced GSH, NAC, and ammonium acetate were purchased from
Sigma-Aldrich, Inc. (St. Louis, MO). 5-Bromoindoline, 5-bromo-7-
nitroindoline, and 5-bromo-7-nitroindole were purchased from Lan-
caster Synthesis, Inc. (Pelham, NH). 5-Bromoindole and 6-nitroin-
dole were purchased from Acros Organics USA (Morris Plains, NJ),
and 6-nitroindoline was purchased from Alfa Aesar (Ward Hill, MA).
Solvents used for HPLC, LC/MS, and NMR analysis were HPLC
grade.

Fig. 1. Proposed indoline metabolism
from P450 and FMO turnover. Brack-
ets, putative intermediates. To sim-
plify the figure, the structures of M1,
M1�-SG, and M1-SG are shown as sin-
gle regioisomers rather than the
plethora of putative metabolites that
could be produced by epoxidation and
glutathione addition at other places
on the aromatic ring. Mass spectral
fragments of these metabolites did not
permit us to assign specific regioiso-
mer structures.
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Incubations with Human Liver Microsomes. Pooled human
liver microsomes (20 mg/ml protein) were obtained from BD Bio-
sciences (San Jose, CA). Each incubation contained indoline (100
�M), human liver microsomes (50 pmol of P450), NADPH (2 mM),
and potassium phosphate buffer (0.1 M, pH 7.4) in a final volume of
75 �l. The reaction was initiated by the addition of NADPH. The
mixtures were incubated in a 37°C shaking water bath for various
time points (5, 7.5, 10, 15, and 30 min) and were terminated by
adding 75 �l of ice-cold acetonitrile. After mixing with a vortex mixer
and centrifugation at 21,000g for 30 min, the supernatant was col-
lected and analyzed by HPLC and LC/MS. Incubations without
NADPH were used as the negative controls. Indole (100 �M) metab-
olism by human liver microsomes was also conducted under the same
conditions.

Incubations with cDNA-Expressed Recombinant P450s. In-
dividual cytochrome P450s that included CYP1A2, CYP2A6,
CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2E1, and
CYP3A4, containing both P450 reductase and cytochrome b5, were
purchased from BD Biosciences. To compare the time course (5, 7.5,
10, 15, and 30 min) of the formation of the aromatization product
indole by individual P450s (50 pmol), the same incubation and sam-
ple analysis conditions that were employed with human liver micro-
somes were used for each recombinant enzyme.

Incubations with FMO3. Human FMO3 supersomes were pur-
chased from BD Biosciences. For determination of the time course of
the production of metabolites M2 and M3 by FMO3, each incubation
contained indoline (100 �M), FMO3 (25 pmol), and NADPH (2 mM)
and was incubated for various time points (0, 1, 2, 3, 5, 10, 15, 20, 30,
45, 60, or 120 min). The same sample work-up methods that were
used for human liver microsomes were used for FMO3. The relative
amounts of M2 and M3 production were measured by HPLC analy-
sis. For samples used for structural characterization of M2, M3, and
M4 by LC/MS analysis, the incubation time was 20 min, which was
determined by time course analysis to be the optimal time point for
both M2 and M3 formation.

Aromatization Kinetic Studies. To determine the aromatase
kinetic parameters, for a series of incubations containing human
liver microsomes or recombinant CYP1A2, CYP2B6, CYP2C19,
CYP2D6, CYP2E1, or CYP3A4, the incubation time (10 min) and
enzyme concentration (25 pmol), both within their linear range, were
chosen for the substrate indoline (0–500 �M), together with NADPH
(2 mM) and 0.1 M potassium phosphate buffer, pH 7.4, in a final
volume of 75 �l. An equal volume of ice-cold acetonitrile was added
to terminate the incubations. After centrifugation (30 min, 21,000g,
at 4°C), 100 �l of the supernatant was collected and immediately
injected onto the HPLC column. The amount of indole formed at each
substrate concentration was determined with a standard curve and
used for kinetic analysis. Kinetic parameters including Vmax, the
maximal velocity, and Km, the substrate concentration at half-max-
imal velocity, were obtained by a nonlinear least-squares regression
fitting of the Michaelis-Menten equation, V � Vmax � [S]/(Km � [S]),
using the “Solver” function from Microsoft Excel 2002 (Microsoft,
Redmond, WA).

HPLC Analysis of Indole Formation and Time Course of M2
and M3 Production. HPLC was performed on an Agilent 1100
system (Agilent Technologies, Inc., Palo Alto, CA) including an au-
tosampler and a diode-array UV/VIS detector. The indoline metab-
olites from incubations with human liver microsomes, individual
P450s, and FMO3 were separated using a Phenomenex Luna 5� C18
(250 � 4.60 mm, 5�) reverse-phase column (Phenomenex Inc., Tor-
rance, CA) at a flow rate of 1 ml/min. The mobile phase consisted of
acetonitrile (solvent A) and 1 mM ammonium acetate (solvent B)
with the gradient solvent program that was set as: 0 min, 10% A; 7
min, 35% A; 14 min, 50% A; 17 min, 55% A; 21 min, 95% A; 24 min,
95% A; and 32 min, 10% A. All samples were stored at 4°C in the
autosampler before injection, unless otherwise specified. The sepa-
ration was monitored with ultraviolet absorption at 270 nm for
indole. A calibration curve of indole (peak area at 270 nm versus

concentration) was produced beforehand to quantify indole produc-
tion in each sample. The relative amounts of M2 and M3 were
determined as peak areas at multiple wavelengths (240, 270, and
280 nm).

Identification of Metabolites by LC/MS. All NADPH-depen-
dent metabolites from incubations with human liver microsomes,
individual P450s, as well as FMO3 were identified by LC/MS anal-
ysis using a Finnigan LCQ LC/MS system (Thermo Electron Corpo-
ration, Waltham, MA). Incubation samples were analyzed with a
Phenomenex Luna 5� C18 (150 � 2.00 mm, 5�) reverse-phase col-
umn (Phenomenex Inc.) with the mobile phase that consisted of
acetonitrile (solvent A) and 1 mM ammonium acetate (solvent B) and
eluted at a flow rate of 0.25 ml/min. The gradient system was set as:
0 min, 10% A; 7 min, 35% A; 14 min, 50% A; 17 min, 55% A; 22 min,
95% A; 32 min, 95% A; and 42 min, 10% A. The LC effluent was
monitored with a UV-visible detector (Finnigan Surveyor PDA De-
tector; Thermo Electron Corporation) using a wavelength range from
200 to 700 nm before they were analyzed by the mass spectrometer
(Finnigan LCQ Advantage MAX; Thermo Electron Corporation). Ei-
ther an electrospray ionization (ESI) source or atmospheric pressure
chemical ionization (APCI) source was used for the identification of
metabolites by scanning the positive ions in the range of m/z 50 to
300. LC/ESI/MS was preferred for the ionization and detection of
metabolites M1 and M3. The corresponding instrumental parame-
ters were capillary temperature at 275°C, source voltage at 5000 V,
capillary voltage at 26 V, and sheath gas flow rate at 50 units, which
were determined to be the optimal condition for the standard indo-
line. LC/APCI/MS was the optimal method for the ionization and
detection of metabolites M2 and indole. The instrumental parame-
ters were then set as capillary temperature at 225°C, APCI vaporizer
temperature at 350°C, source voltage at 6000 V, capillary voltage at
7 V, and sheath gas flow rate at 50 units, which were the optimal
conditions for indole. Either LC/ESI/MS or LC/APCI/MS could be
used for the ionization and detection of metabolite M4, and both were
used for the MS/MS analysis of M4.

LC/MS/MS Identification of M4. LC/MS/MS was performed
with either ESI/MS or APCI/MS using the same Finnigan LCQ
system, C18 column (150 � 2.00 mm), mobile phase and gradient
system, as well as instrumental parameters as described above. M4
was identified by both LC/ESI/MS and LC/APCI/MS with m/z 263
(MH�); thus, the precursor ion at m/z 263 was selected for the
collision-induced dissociation (CID) with the normalized collision
energy at 35%, activation Q at 0.25, and activation time at 30 ms for
ESI/MS or the normalized collision energy at 30%, activation Q at
0.25, and activation time at 30 ms for APCI/MS. The product ions at
m/z 100 to 300 were scanned.

Identification of GSH Adduct of M1. Indoline was incubated
with human liver microsomes and individual P450s as described
above in the presence of GSH or NAC. The concentrations of GSH or
NAC used in the experiments were 2 mM, the incubation time was 45
min, and the rest of the conditions were the same as described above
for human liver microsomes in the absence of GSH or NAC. These
samples were used to evaluate the relative changes in the amount of
M1 in the presence of GSH or NAC and to measure amounts of the
new product. Because of their efficiency in the production of M1,
human liver microsomes, CYP2D6 and CYP3A4, were selected for a
larger volume MS/MS sample preparation, which included indoline
(100 �M), enzyme (300 pmol), NADPH (2 mM), and GSH (2 mM) in
a final volume of 450 �l. After incubation at 37°C for 45 min, the
reaction was terminated by the addition of 450 �l of ice-cold aceto-
nitrile, and then centrifuged at 21,000g for 30 min. The supernatant
was collected and concentrated to approximately 50 �l using a con-
stant nitrogen gas flow at room temperature. The concentrated sam-
ples were then subjected to LC/MS/MS analysis using the same
Finnigan LCQ system, C18 column (150 � 2.00 mm) and mobile
phase and gradient system as described above. The ESI source was
used, and the instrumental parameters were: capillary temperature
at 225°C, source voltage at 5000 V, capillary voltage at 21 V, and
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sheath gas flow rate at 50 U. Both the molecular ion (M�H�) at m/z
443 and the dehydrated fragment [M-H2O � H�] at m/z 425 were
monitored, and the latter was selected for the CID, due to its higher
abundance. The CID parameters were programmed as follows: the
normalized collision energy at 26%, activation Q at 0.25, and activa-
tion time at 30 ms. The product ion spectra for MH� at m/z 425 were
obtained, and the fragments were used to interpret the structure of
the M1 glutathione conjugate.

1H NMR Analysis of M2. M2 was purified by HPLC using the
HPLC analysis conditions described above, except the C18 column
was a Phenomenex Luna 5� C18 (250 � 2.00 mm, 5�) reverse-phase
column (Phenomenex Inc.). The incubations contained indoline (250
�M), FMO3 (50 pmol), and NADPH (2 mM) in a final volume of 75 �l
of potassium phosphate buffer. After 60-min incubation at 37°C, the
reaction was terminated and centrifuged as described above. Ali-
quots of 100 �l of the supernatant were injected onto the column, and
fractions containing M2 were manually collected. All collected sam-
ples were stored at �80°C. To prepare for NMR analysis, the accu-
mulation of 10 collections (approximately 0.8 ml) was added to 2
volumes of D2O. The mixture was then applied onto a preconditioned
Waters HLB (30 mg) extraction cartridge (Waters Corporation, Mil-
ford, MA). The cartridge was preconditioned by first washing with 2
ml of methanol followed by 2 ml of D2O. After applying M2, the
cartridge was first washed with 3 ml of D2O followed by 1 ml of
CD3CN in 0.2-ml aliquots. Each 0.2-ml aliquot was independently
analyzed by NMR. The highest concentrations of M2 were detected
in fractions 3 and 4 followed by 5. For the indoline, oxindole, and
4-hydroxyindole standards, 2 to 5 mg of each compound was dis-
solved in approximately 200 �l of CD3OD. The indole standard was
dissolved in either CD3OD or CD3CN for NMR analysis.

NMR spectra were acquired either on an Inova 500-MHz system
equipped with a 3-mm IFC indirect detection probe or on an Inova
600 MHz system equipped with a Cold probe (Varian Inc., Palo Alto,
CA). Compounds were dissolved in either CD3OD or CD3CN as
mentioned above, transferred to a 3-mm NMR tube, and sealed
before analysis. Proton chemical shifts were referenced to the resid-
ual solvent signal at 3.3 ppm in CD3OD and 1.93 ppm in CD3CN.
Two-dimensional NMR experiments, including DQFCOSY, HSQC,
and HMBC, were performed using standard Varian pulse sequences.

Results
Metabolic Activation of Indoline by Human Liver

Microsomes. Incubations of the substrate indoline with
pooled human liver microsomes, individual P450 enzymes,
and/or FMO3 produced five metabolites (indole, M1, M2, M3,
and M4), all of which were observed to be produced in an
NADPH-dependent manner. Indole and M1 formation were
time-dependent and enzyme concentration-dependent. They
were formed only by human liver microsomes and several
P450s, but not by FMO3. M2, M3, and M4 were formed by
FMO3 turnover of indoline but were not produced by any
P450 enzyme. Table 1 summarizes the chromatographic and

spectral characteristics of these metabolites, using both UV-
visible and LC/MS. Three metabolites (indole, M2, and M4)
are aromatization products that are formed by either P450 or
FMO3 enzymes from the proaromatic substrate indoline. Fig-
ure 1 illustrates putative mechanisms for the formation of
these five metabolites, through three different metabolic
pathways: 1) the dehydrogenation pathway to form indole, 2)
the aromatic ring epoxidation pathway to form M1, and 3)
the N-oxidation pathway to form M2, M3, and M4. None of
them was a metabolite of indole, using the same in vitro
incubation conditions that were used to generate them from
indoline (data not shown).

Characterization of P450 Aromatase Activity. To
characterize the scope of aromatase activity for individual
P450 enzymes, CYP1A2, CYP2A6, CYP2B6, CYP2C8,
CYP2C9, CYP2C19, CYP2D6, CYP2E1, and CYP3A4 were
examined for their ability to produce indole. As shown in Fig.
2, CYP3A4 was the most efficient enzyme in the production of
indole. The CYP1A2, CYP2B6, CYP2C19, CYP2D6, and
CYP2E1 enzymes seemed to produce about the same relative
amounts of indole, which were similar to the production by
human liver microsomes. However, indoline dehydrogena-
tion by the CYP2A6, CYP2C8, and CYP2C9 enzymes could
not be detected (not included in Fig. 2). Kinetic constants
were determined from triplicate incubations with analysis by
Michaelis-Menten plots of indole formation by human liver
microsomes and multiple recombinant P450 enzymes (Table
2). The enzyme efficiency (Vmax/Km) of CYP3A4 was the high-
est of all the enzymes. However, CYP2C19 had a much lower
Km (37 �M) than any other enzyme.

The substrate acceptance for dehydrogenation of indolines
by human liver microsomes and individual P450s was eval-
uated with three indoline derivatives: 5-bromoindoline, 6-ni-
troindoline, and 5-bromo-7-nitroindoline. Surprisingly, all
three of the substituted indolines were oxidized to their re-
spective indoles by human liver microsomes and several
P450s with essentially identical kinetic constants (Table 2).
Thus, even the highly electron withdrawing nitro group on
the benzene ring did not reduce the electron density of sub-

TABLE 1
Chromatographic and spectral characterization of indoline and its
major metabolites

Compound tR
a MH� UV-Visible �max

min m/z nm

Indoline 13.5 120.3 208, 238, 290
Indole 17.0 118.2 218, 270
M1 9.3 136.2 194, 266
M2 15.6 134.1 220, 272
M3 11.4 136.1 206, 238, 284
M4 14.8 263.2 228, 434

a Retention time (tR) was derived from experiments that were conducted under
Materials and Methods.

Fig. 2. Time dependence of indole production from indoline (100 �M) in
vitro by pooled human liver microsomes (50 pmol) or multiple recombi-
nant cytochrome P450s (50 pmol). Incubations at 37°C included NADPH
(2 mM) in potassium phosphate buffer (0.1 M, pH 7.4) in a final volume
of 75 �l. Production of indole was determined by LC/MS analysis as
specified under Materials and Methods. All enzymes appeared to form
indole in a linear manner.
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stituted indolines sufficiently to stop P450-mediated oxida-
tion. Furthermore, no evidence with indoline or its analogs
was found for the production of an aliphatic alcohol that
might dehydrate to produce indole. Therefore, we concluded
that several P450s serve as aromatases to catalyze indoline
aromatization through dehydrogenation mechanisms, not
through ring oxygenation and dehydration mechanisms.

GSH Adduct of M1. Metabolite M1 was a broad peak that
eluted earlier than indoline and all other metabolites and
disappeared upon addition of GSH or NAC to the incuba-
tions. Therefore, we opined that it was a reactive intermedi-
ate arene oxide that could be trapped by nucleophilic thiols.
Analyses of the relative peak areas of M1 or its glutathione
adduct after incubations of indoline with individual cDNA-
expressed enzymes (CYP1A2, CYP2A6, CYP2B6, CYP2C8,
CYP2C9, CYP2C19, CYP2D6, CYP2E1, and CYP3A4) indi-
cated that CYP2D6 and CYP3A4 were the most efficient
enzymes in the formation of M1, and CYP2D6 was slightly
more efficient that CYP3A4.

LC/MS/MS was used to characterize the GSH adduct of
M1. The molecular ion of the putative ring-opened epoxide at
m/z 443 was detected but in very small amounts that could
not be used to analyze daughter ions after collision-induced
dissociation. Interestingly, the intensity of the ion at m/z 425
was 5- to 10-fold higher than the molecular ion. The m/z 425
ion (M1�-SG, Fig. 1) was probably produced by the loss of a
water molecule after addition of GSH to the arene oxide (M1),

and this ion (labeled MH� in Fig. 3) was used for MS/MS
analysis. The LC/MS/MS product ion spectrum showed a
characteristic loss of 129 atomic mass units at m/z 296 cor-
responding to the pyroglutamate residue of the GSH moiety
(Baillie and Davis, 1993) and an additional loss of water at
m/z 278. A plausible fragmentation pattern of the m/z 425 ion
is presented in Fig. 3. This includes the loss of water to form
an ion at m/z 407; the loss of CO2 to form an ion at m/z 381;
the cleavage of the �,� carbon-carbon bond of cysteine, com-
bined with the loss of COOH at either the glycine or pyro-
glutamate moiety, to form product ions at m/z 215; as well as
the double cleavage of C2 and C3 of the indoline ring and an
additional loss of CO to produce an ion at m/z 369, from which
an additional loss of glycine produced an ion at m/z 295.

FMO3-Catalyzed Indoline Aromatization. The time
course of formation of metabolites M2 and M3 by FMO3 is
shown in Fig. 4. The relative maximal amount of M3 was
attained at approximately 20 min, which then decreased
until this metabolite could not be detected in the incubation
mixture at 2 h. However, the relative amounts of M2 in-
creased steadily and appeared to attain maximal levels after
approximately 2 h. The production and subsequent disap-
pearance of M3 from incubations of indoline with FMO3
implied that it was formed but then metabolized by this
enzyme.

Spectral (UV-visible) analysis of M2 showed that it was
very similar to indole and that M3 was very similar to indo-

TABLE 2
Kinetic constants for the formation of indoles by human liver microsomes and individual P450s

Compound Enzyme Km Vmax Vmax/Km

�M min�1 min�1 mM�1

Indoline HLM 194 1.5 7.7
CYP1A2 103 1.0 9.7
CYP2B6 106 0.98 9.2
CYP2C19 37 0.21 5.7
CYP2D6 146 2.1 14.4
CYP2E1 166 0.36 2.2
CYP3A4 135 2.9 21.5

5-Bromoindoline HLM 197 3.1 15.7
CYP3A4 153 3.2 20.9

6-Nitroindoline HLM 190 7.2 37.9
CYP3A4 182 2.0 11.0

5-Br-7-nitroindoline HLM 238 5.7 23.9
CYP3A4 282 13.7 48.6

Fig. 3. LC/MS/MS product ion spectrum obtained by colli-
sion-induced dissociation of the M�H� ion (m/z 425) of the
glutathione conjugate (M1�-SG) of the epoxide, M1. M1�-SG
was presumably formed by dehydration of M1-SG in the
mass spectrometer. The putative assignments of character-
istic fragment ions are shown.
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line (Table 1). The molecular ions of M2 and M3 were deter-
mined by LC/MS to be 134 and 136, respectively, which were
consistent with the addition of oxygen to indoline to form
N-hydroxyindoline (M3) and the aromatization of indoline
and addition of oxygen to form N-hydroxyindole (M2). Other
structures that placed the oxygen anywhere on the aromatic
ring would not be consistent with the UV-visible spectra
because the wavelength of the maximal absorption would
have undergone a bathochromic shift. However, the UV-vis-
ible spectra of M2 closely mimicked an unsubstituted indole,
and M3 closely mimicked an unsubstituted indoline.

Proton NMR was used to exclude structures where the
oxygen was placed on C-2 or C-3 of indoline to form alcohols
(m/z 136) or where oxygen was placed on C-2 of indole (oxin-
dole, m/z 134) or on C-3 of indole (m/z 134). M2 accounted for
approximately 90% of the metabolites of indoline that were
formed by FMO3. The efficient production of M2 facilitated
collection of larger quantities of this metabolite from the
HPLC eluate for NMR analysis. The 1H NMR of M2 was
compared with several authentic indole standards to deter-
mine, partially by an elimination process, where the oxygen

should be placed. These results (Table 3) showed that the
chemical shifts and coupling constants of M2 were essentially
identical to indole but much different from the other stan-
dards such as indoline, oxindole, or 4-hydroxyindole. Thus,
we believe that M2 is N-hydroxyindole.

The structural assignments permitted us to postulate a
metabolic scheme (Fig. 1). In this pathway, we postulate that
the substrate indoline was N-oxidized by FMO3 to N-hy-
droxyindoline (M3) and then oxidized again to form indoline
nitrone, which tautomerized to produce the thermodynami-
cally more stable N-hydroxyindole (M2). The metabolite M3
was formed in incubations of indoline with FMO3, but, inter-
estingly, it was not detectable in incubations with human
liver microsomes or in incubations that included both recom-
binant FMO3 and recombinant CYP3A4. These results indi-
cate that M3 was formed by FMO3 and subsequently was a
substrate for P450 oxidation. M2 was efficiently produced in
these incubations, so it seems reasonable to propose that M2
was formed by P450 dehydrogenation of M3, through a pro-
cess similar to the aromatase mechanism of P450-mediated
dehydrogenation of indoline to indole.

Metabolite M4 was characterized by LC/MS/MS and UV-
visible as a dimer that was possibly formed from indoline
nitrone (Fig. 1; Table 1). The MS/MS fragmentation (Fig. 5)
showed that the structure of the M4 molecule was consistent
with a 1,3-dipolar cycloaddition of indoline nitrone, followed
by oxidation (either FMO3-mediated or molecular oxygen-
mediated) to finally produce the stable dimer, M4. M4 is a
novel blue pigment that is different from indirubin and in-
digo, both of which are metabolites of indole (Gillam et al.,
2000). All three pigments share the same molecular ions at
m/z 263, but indigo and indirubin eluted at 20 and 18.5 min,
respectively, which was later than indole (17 min), and M4
eluted earlier (at 14.8 min) than indole (Table 1). Further-
more, the characteristic visible spectra of indirubin and in-
digo have maximal absorption wavelengths at 552 and 603
nm, respectively (Gillam et al., 2000), but M4 had a �max at
434 nm (Fig. 5). We believe that M4 is a novel indole pigment
that is formed by FMO3 turnover of indoline. To our knowl-
edge, this pigment has not been previously identified. In our
experiments, we did not observe the “di-indoline” precursor of
M4, probably because it was very quickly oxidized to M4,
either by molecular oxygen or FMO3. In fact, M2 was slowly
(several days) but completely converted to M4, while it was
dissolved in CD3OD at room temperature in an NMR tube
(data not shown). Therefore, dimerization of indoline nitrone
and oxidation of the di-indoline by molecular oxygen appear
to be thermodynamically favored chemical transformations.

Fig. 4. Time course of metabolites M2 (A) and M3 (B) formation in
incubations with the recombinant human FMO3 enzyme.

TABLE 3
1H NMR chemical shift assignments for M2 compared with several indole standards

Compound
Chemical Shiftsa (ppm), Multiplicity (J in Hz)

H2 H3 H4 H5 H6 H7

Indolineb 3.42 t (8.5) 2.96 t (8.5) 7.07d (7.5) 6.67t (7.5) 6.95t (7.5) 6.66d (7.5)
Indolec 7.24d (2.8) 6.46d (2.8) 7.57d (8.0) 7.03t (8.0) 7.12t (8.0) 7.43d (8.0)
Oxindoleb 3.48 s 7.21d (7.5) 6.97t (7.5) 7.17t (7.5) 6.86d (7.5)
4-Hydroxyindoleb 7.07d (3.2) 6.51d (3.2) 6.38 m 6.89 m 6.89 m
M2c 7.28d (3.0) 6.33d (3.0) 7.55d (8.0) 7.05t (8.0) 7.20t (8.0) 7.41d (8.0)
a s, singlet; d, doublet; t, triplet; m, multiplet.
b Recorded in CD3OD.
c Recorded in CD3CN.
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Discussion
The results presented here show that the novel dehydro-

genation metabolite indole was formed from indoline by hu-
man liver microsomes and several cytochrome P450 en-
zymes. In addition, we also identified a P450-catalyzed
epoxide metabolite of indoline as well as several N-oxidation
products that were formed by FMO3 catalysis. We have pre-
viously shown that multiple substrates, such as 3-methylin-
dole, zafirlukast, and capsaicin (Reilly and Yost, 2005), are
dehydrogenated by various P450 enzymes and have now
extended our studies on dehydrogenation to evaluate proaro-
matic substrates like indoline. The results from the current
study demonstrate that the proaromatic substrate indoline is
indeed a suitable substrate for dehydrogenation and is aro-
matized to form indole. In fact, we have recently examined
seven indoline-containing compounds and found that all were
dehydrogenated by human liver microsomes and recombi-
nant CYP3A4 (H. Sun and G. S. Yost, unpublished data).

A potential consequence of the aromatization reaction of
therapeutic agents is that the indole metabolites might have
significantly different pharmacological activities than the
original compound. The indole derivative of factor Xa showed
dramatic change in the inhibition activity in comparison to
its corresponding indoline analog (Noguchi et al., 2006). It
was demonstrated that the inhibitory activity was decreased
over 300-fold by replacing the indoline ring (IC50 � 11 nM)
with an indole ring (IC50 � 3600 nM). Others (Nakagawa et
al., 2006) have reported that the indoline form of indolac-
tam-V bound to kinase C much better than its indole form.
These examples confirm our hypothesis that P450-mediated
dehydrogenation of indolines can robustly decrease the po-
tency of therapeutic agents.

Conversely, in another study (Bromidge et al., 1997) with a
series of 5-HT2C receptor agonists, RO600175 was a very
potent 5-HT2C receptor agonist, but its corresponding indo-
line analog showed significantly lower binding affinity (6-fold
less). Therefore, aromatization of indoline-containing thera-

peutic agents by P450-mediated dehydrogenation can poten-
tially alter the biological activity in either direction; there-
fore, the relative effects cannot be predicted de novo in
patients. We found approximately 50% 5-bromo-7-nitro-indo-
line was aromatized to its indole form by human liver micro-
somes in a 30-min incubation (kinetics shown in Table 2);
therefore, this route could potentially be the major metabolic
route of drugs containing the indoline moiety. However, it
should be noted that the Km values of several P450 enzymes
for indoline and several substituted indolines exceed 100 �M,
which might be too high for efficient enzyme turnover under
normal physiological conditions.

To our knowledge, there are no examples of endogenous
indoline-containing compounds that would serve as sub-
strates for this aromatase reaction. Interestingly, we found
that a significant majority of indoline-containing therapeutic
agents are new entities, not drugs that are currently avail-
able. Therefore, it appears that pharmaceutical companies
are utilizing the indoline structure more frequently in cur-
rent drug development efforts than in the past. We would
suggest that this novel cytochrome P450 aromatase activity
should be carefully monitored when the metabolism of a new
indoline-containing drug is evaluated.

Another metabolic pathway that is normally considered to
cause toxicity is the epoxidation reaction (Lau and Zannoni,
1979; Guengerich, 2003). In our previous studies of 3-meth-
ylindole oxidation by P450s, in addition to characterization of
the dehydrogenation pathway, we found evidence that sup-
ported the formation of 2,3-epoxy-3-methylindole, a reactive
electrophile that could alkylate protein and nucleic acids
(Skordos et al., 1998). In addition, we have recently pub-
lished new studies that confirm the presence of at least two
epoxides on the benzene ring of 3-methylindole (Yan et al.,
2007). In the current results, we characterized M1, an arene
oxide of indoline, through direct LC/MS results, and through
the characterization of its GSH adduct. It was confirmed that
M1 was not a 2,3-epoxide of indole by the interpretation of its

Fig. 5. Representative LC/MS/MS
spectrum of the dimeric indoline me-
tabolite M4, produced from incuba-
tions with human FMO3. The puta-
tive assignments of characteristic
fragment ions are shown. Inset, UV-
visible absorbance spectrum of M4.
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MS/MS fragmentation. Theoretically, GSH could conjugate
at different positions such as C-5 or C-6 of the indoline
aromatic ring, but the mass spectral fragmentation pattern
did not permit us to establish the location of the GSH adduct.
NMR could be used for this purpose, but the amounts of the
GSH adduct were too small to collect enough adduct for this
purpose.

Metabolism of indoline by FMO3 produced three more me-
tabolites. Pig liver FMO N-oxidized desmethylpromethazine
to a secondary hydroxylamine that additionally formed a
nitrone (Clement et al., 1993). A similar metabolic pathway
was proposed for the oxidation of N-hydroxynorzimeldine
(Cashman et al., 1990). In those studies, the nitrone inter-
mediate decomposed to a primary hydroxylamine and an
aldehyde. Others (Rodriguez et al., 1999; Cerny and Hanzlik,
2005) have also reported the same hydroxylamine to nitrone
pathway of FMO-catalyzed oxidation of N-benzyl-N-cyclopro-
pylamine and N-deacetylketoconazole. The nitrone interme-
diates from both compounds decomposed to the primary hy-
droxylamines and the aldehydes. Our studies of the FMO3-
catalyzed oxidation of indoline also showed a sequential
N-oxidation pathway (i.e., the sequential formation of M3, a
hydroxylamine, to M2, the tautomerized nitrone). However,
instead of the nitrone decomposing to a hydroxylamine and
an aldehyde as the final products, oxidation of N-hydroxyin-
doline led to the nitrone that tautomerized to N-hydroxyin-
dole, a more stable aromatized structure.

Incubations of indoline with only FMO3 (without presence
of P450 enzymes) also produced an oxidized dimer of indoline
nitrone, [1,4,2,5]dioxadiazino[2,3-a:5,6-a�]diindole. This me-
tabolite (M4) was identified and characterized in this study.
A typical reaction of nitrone is the cycloaddition to other
1,3-diploes (either homo- or hetero-) (Hamer and Macaluso,
1964; Breuer, 1989). It has been known that a six-membered
cyclic nitrone, 3,4,5,6-tetrahydropyridine N-oxide, could be
dimerized by this cycloaddition mechanism as a result of
dipole-dipole interaction (Hamer and Macaluso, 1964;
Breuer, 1989). This symmetrical dimer formed quickly with-
out the help of any catalyst. We postulate that the indoline
nitrone metabolite could form a dimeric precursor to M4,
6a,7,13a,14-tetrahydro-[1,4,2,5]dioxadiazino[2,3-a:5,6-a�]di-
indole, which subsequently forms M4 by an additional oxida-
tion reaction. The extended conjugation of the aromatic ring
system of M4 is consistent with its visible absorbance spec-
trum. Unlike indigo or indirubin, which were formed through
oxidized indoxyl and isatin in the oxidation of indole by P450
enzymes (Gillam et al., 2000), the formation of M4 proceeds
through an indoline nitrone pathway in the oxidation of
indoline by FMO3. The M4 metabolite that was characterized
in the current work would introduce a new pigment that was
produced by FMO3 oxidation of indoline and may have po-
tential applications, such as a new method in commercial dye
production.

In conclusion, in these studies, we have demonstrated that
indoline can be aromatized by several P450s to form indole
through a dehydrogenation mechanism. A P450-catalyzed
arene oxide metabolite was also partially characterized
through its mass spectrum and the identification of its cor-
responding GSH adduct. We also found that FMO3 catalyzed
the N-oxidation of indoline through indoline nitrone to form
two aromatized final products, N-hydroxyindole and
[1,4,2,5]dioxadiazino[2,3-a:5,6-a�]diindole. Future studies

should clarify the dehydrogenation aromatase mechanism by
selective P450 enzymes, through the investigation of the
structural and conformational characteristics of a series of
indoline derivatives, as well as the spatial and electronic
parameters of active sites of these enzymes. In particular, it
will be important to determine whether dehydrogenation
proceeds through initial C-H bond hydrogen atom abstrac-
tion from the C-2 or C-3 positions or by nitrogen one-electron
oxidation mechanisms.
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