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Abstract Currently, the development of selective fluorescent probes toward targeted enzymes is still a

great challenge, due to the existence of numerous isoenzymes that share similar catalytic capacity. Herein,

a double-filtering strategy was established to effectively develop isoenzyme-specific fluorescent probe(s) for

cytochrome P450 (CYP) which are key enzymes involving in metabolism of endogenous substances and

drugs. In the first-stage of our filtering approach, near-infrared (NIR) fluorophores with alkoxyl group were

prepared for the screening of CYP-activated fluorescent substrates using a CYPs-dependent incubation sys-

tem. In the second stage of our filtering approach, these candidates were further screened using reverse

protein-ligand docking to effectively determine CYP isoenzyme-specific probe(s). Using our double-

filtering approach, probes S9 and S10 were successfully developed for the real-time and selective detection
; DDI, drugedrug interactions; DNZ, danazol; FVT, fluvastatin; HLM, human liver microsome; ICT, intra-

iquid chromatography‒tandem mass spectrometry; MCN, miconazole; MD, molecular dynamics; MM-GBSA,

, nicotinamide-adenine dinucleotide phosphate; NIR, near-infrared; PT, prothrombin time; RMSD, root-mean

sulfaphenazole; SCN, sulconazole; WAR, warfarin.
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of CYP2C9 and CYP2J2, respectively, to facilitate high-throughput screening and assessment of CYP2C9-

mediated clinical drug interaction risks and CYP2J2-associated disease diagnosis. These observations sug-

gest that our strategy could be used to develop the isoform-specific probes for CYPs.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cytochrome P450 (CYP) is a large group of HEME-containing
monooxygenases that can catalyze the oxidative metabolism of
endogenous and exogenous chemicals mainly through deal-
kylation, hydroxylation, and epoxidation reactions1. CYP1A2,
2B6, 2C8, 2C9, 2C19, 2D6, 2J2, 3A4/5 are well-known mem-
bers of CYP1-4 subfamily, and they have attracted much
attention due to their prominent roles in the metabolism of drug
and exogenous toxicants, as the important phase I xenobiotic-
metabolizing enzymes found in the human liver2e4. According
to statistics, the xenobiotic-metabolizing CYP are participated in
the metabolism of approximately 80% of drugs5,6. Thus, inhi-
bition or induction of CYP enzymes is a frequent cause of
clinical drugedrug interactions (DDI). Notably, the inhibition of
CYP activity by co-administrated drugs may alter clinical out-
comes or even lead to life-threatening adverse reactions, which
are closely related to the safety of particular medication used in
clinic7,8. For instance, CYP2C9 inhibition has been recognized
as a major reason for the life-threatening clinical DDI of
warfarin which is a widely used anticoagulant, where hemor-
rhaging is often caused by elevated plasma concentration9,10.
Hence, it is a significant public health issue for evaluating CYPs
activity and associated DDI risk, particularly the CYP metabo-
lized drugs that exhibit a narrow therapeutic window (e.g.,
CYP2C9 and warfarin)11. Additionally, a few subtypes of CYP
family play significant roles in diverse physiological and path-
ological processes through regulation of the metabolism of
endogenous biologically active substances12e14. Some CYP
isoenzymes, such as CYP2J2, have been associated with
tumorigenesis such as cell proliferation, apoptosis, and tumor
metastasis15,16. Therefore, the highly sensitive and specific
molecular tools for characterizing the real-time activity of CYP
isoenzymes in complex biological systems, would be of partic-
ular benefit for disease treatment applications and evaluation of
medicines in clinic.

Currently, the detection of CYPs activity relys mainly on high-
performance liquid chromatography or hyphenated techniques
with mass spectrometry17,18. Unfortunately, these approaches are
unsuitable for the detection of live-specimens or in vivo applica-
tions, thus seriously limiting the ability for real-time tracking of
enzymatic activity, and evaluating the functional variation of
endogenous CYPs under various physiological and pathological
conditions19. Fluorescent probes have been extensively used as
useful molecular tools, that can facilitate the noninvasive imaging
and dynamic monitoring of enzymatic activity in complex living
systems20e27. Imaging probes that exhibit near-infrared (NIR)
optical signals have many advantages including minimal inter-
ference from tissue autofluorescence and improved tissue pene-
tration, which facilitates imaging allowing for accurate activity
monitoring of functional proteins in living systems28e33. However,
to date the number of selective NIR fluorescent probes for real-
time imaging of various CYP isoforms are limited.

In practice, there are many challenges remaining for the
development of selective NIR fluorescents probe toward target
CYP isoforms, since CYPs are a HEME protein superfamily
composed of many homologous proteins sharing similar catalytic
functions and substrate spectra34. The pronounced substrate
overlap for numerous CYPs poses a major obstacle in the devel-
opment of probes for specifically sensing a CYP subtype. For
instance, 7-ethoxyresorufin, is a widely used fluorescent probe for
the CYP1A subfamily35,36, and 7-benzyloxyquinoline is a
commonly used tool to screen modulators of the CYP3A sub-
family37. However, the low selectivity and short emission wave-
length of these probes seriously hinders the accurate evaluation of
target CYP activity in complex living organisms, which limit their
practical applications. As such the main challenge in the devel-
opment of CYP fluorescent probes is how to overcome problems
associated with the interaction between various CYPs and small
molecule fluorophores, to rapidly screen candidate(s) with
preferred isoform-selectivity and metabolic reaction. Unfortu-
nately, there remains a lack of practical strategies for the effective
design and development of enzyme-activated fluorescent probes
with high specificity toward target CYP isoenzymes.

In our present work, a novel double-filtering strategy was
developed to uncover CYP isoenzyme-specific NIR fluorescent
probes, based on the catalytic and structure characteristics of human
CYPs (Scheme 1). In the first-stage of screening, a series of NIR
fluorophores introduced a methoxy group, were synthesized due to
dealkylation as a preferential reaction of numerous CYP isoforms.
These potential fluorescent substrates were then subjected to
filtering using CYP-dependent in vitro screening system, and con-
structed a substrate pool of CYPs-activated NIR fluorescent probes.
In the second-stage of filtering, the NIR fluorescent substrate can-
didates were screened using reverse protein‒ligand docking be-
tween fluorescent substrates and humanCYPs (Scheme 1B) in order
to determine potential isoenzyme-specific CYPs probes. For each
fluorescent substrate candidate, a CYP isoform-catalytic selectivity
spectrum could be generated according to the calculated catalytic
distance and relative binding energy. Using our double-filtering
approach, two probes (S9 and S10) were successfully established
for the real-time and selective detection of CYP2C9 and CYP2J2,
respectively. These observations suggest that our new strategy is
useful to effectively develop the isoform-specific probes for CYPs.

2. Materials and methods

2.1. Materials and reagents

Recombinant human cytochrome P450 isoenzymes (rhCYP) were
purchased from Cypex (Dundee, UK). The human liver microsomes
(50-Donor, LOT: IHG) were obtained from Bioreclamation IVT

http://creativecommons.org/licenses/by-nc-nd/4.0/


Scheme 1 Double-filtering strategy consists of CYPs activity-based screening and reverse protein‒ligand docking to discover CYP isoenzyme-

specific NIR fluorescent probes. (A) In vitro metabolic activity screening of alkylated NIR substrate pool through CYP isoforms pool. (B)

Computational screening of the NIR fluorescent probe(s) by reverse proteineligand docking to develop catalytic spectra (schematically displayed

using a chip diagram labelled computational prediction). The experimental verification ‘chip’ represents the incubation results of recombinant

CYP isoforms, were consistent with those using the double-filtering strategy (illustrated using the overlapped ‘chip’ bottom). P1eP3 are known

fluorescent probes for CYPs. Finally, the isoform-selective fluorescent probes (S9 and S10) toward CYP isoforms (2C9 and 2J2) were determined.
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(MD, USA). D-Glucose-6-phosphate (G-6-P, LOT: WXBC5003V),
glucose-6-phosphate dehydrogenase (LOT: SLBJ9913V), NADP
sodium salt (LOT: BCCD0008), sulfaphenazole (LOT: 083H0050)
were obtained from SigmaeAldrich (MO, USA). Raloxifene
(LOT: J0206A), sulconazole (LOT: N1211AS), fluvastatin (LOT:
J0701A), quinidine (LOT:M0110A), omeprazole (LOT: D0929As),
clomethiazole (LOT: D1225A), 8-methoxypsoralen (LOT:
M0113A), tetraethylenepentamine (TEPA, LOT: S0801A), ticlopi-
dine (LOT: A0606AS) were purchased from Meilun Biotechnology
(Dalian, China). Prothrombin time assay kit purchased from
Nianjing Jiancheng Bioengineering Institute (Nanjing, China). The
purity of DDAO and HXMB was >98%. All other reagents were of
the highest grade commercially available.

2.2. Docking-based virtual screening

Molecular docking: the initial enzyme structures and their corre-
sponding PDB entry ID are listed as follows: CYP1A1 (4I8V),
CYP1A2 (2HI4), CYP1B1 (3PM0), CYP2A6 (2FDW), CYP2A13
(4EJG), CYP2B6 (4I91), CYP2C8 (2NNI), CYP2C9 (1R9O),
CYP2C19 (4GQS), CYP2D6 (4WNU), CYP2E1 (3E6I), CYP3A4
(1W0E), CYP3A5 (5VEU). For the other applied CYP structures
as CYP2J2, 4A11, 4F2, 4F3B and 4F12, the homology modeling
and molecular dynamic simulation run for 20 ns were used for
their three-dimensional coordinate building and optimization.
Subsequently, the protonation state of residues was carefully
assigned and initially preserved water molecules in crystal struc-
ture were deleted. Parameters for proteins were described based on
Charmm force filed. The Discovery Studio 3.5 docking program
was then adopted38. The Goldscore was selected as the score
function, and the other parameters were set as default. From each
docking study, a total of 10 docking poses were generated with
corresponding root-mean square deviation (RMSD) values being
calculated.

Molecular dynamics (MD) simulations: before the final pro-
duction run, the modeled systems were firstly minimized by three
rounds simulation procedures with successively relived restrains.
The heating process from 0 to 310 K for each of the modeled
system was ran for 50 ps. In order to equilibrize the system
without any restraint, all the systems were again running for 500
ps. The production phase of the simulations was carried out for a
total of 100 ns. The MD simulations were all performed using the
Amber 10 package39. The particle mesh Ewald summation was
used to handle the long-range coulombic interactions. The
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SHAKE algorithm was employed for all atoms covalently bonded
with a hydrogen atom. The time step of 2 fs was set for sampling
in production run.

Binding free energy calculation (MM-GBSA): the binding free
energy calculation was performed using the MM-GBSA scripts
embedded in AMBER10. Snapshots were extracted every 10 ps
from the MD trajectory.

2.3. Enzyme kinetic analysis

Briefly, rhCYP2C9 (7.5 pmol/mL) or rhCYP2J2 (5 pmol/mL) was
incubated with DDAM or MXMB in incubation mixture (200 mL),
which consisted of NADPH-generating system and potassium
phosphate buffer (100 mmol/L, pH 7.4). Incubation substrate or
inhibitor was dissolved in DMSO and the final concentration of
DMSO was controlled below 1% (v/v) in the mixtures. After 30 or
10 min incubation at 37 �C, add acetonitrile to terminate the re-
action, and centrifuge the sample at 20,000�g. The fluorescence
metabolite was detected. Kinetic parameters were analyzed using
GraphPad Prism 7.0 (GraphPad Software, Inc., CA, USA).

2.4. CYP2C9 modulators high-throughput screening

The modulation effect of clinical drugs and herbal medicines to-
ward CYP2C9 were assayed in 96-well microplates with fluo-
rescent image analyzer (lex of 635 nm, lem of 670 � 15 nm). A
mixture of DDAM (10 mmol/L), clinical drugs (10 mmol/L) or
extracts of traditional Chinese medicine (20 mg/mL) and HLM
was incubated at 37 �C in potassium phosphate buffer in the
present of NADPH-generating system.

The inhibitory effects of CYP2C9 inhibitors (miconazole,
MCN; sulconazole, SCN; fluvastatin, FVT; raloxifene, RLX;
sulfaphenazole, SPN) toward CYP2C9 were evaluated by incu-
bating with DDAM and modulators with series of concentrations
(0.1, 0.5, 1, 10 and 20 mmol/L). The % residual activities of all
samples were calculated. Then the data were fitted to a log (in-
hibitor) vs. normalized response in GraphPad Prism 7.0 (GraphPad
Software, Inc., CA, USA).

2.5. Pharmacokinetic and pharmacodynamic drug interactions
with CYP2C9 inhibitor

The experiments were performed in accordance with guidelines
approved by the ethics committee of Dalian Medical University
(AEE19047). The inhibitory effects of MCN on the metabolism of
warfarin were investigated in rats. The rats (SD rat, male)
randomly grouped to two test group. The rats in MCN group were
treated with MCN (oral, 30 mg/kg) 30 min before being given an
oral dose of warfarin (0.2 mg/kg). The rats in control group were
treated with vehicle control instead of MCN. The plasma con-
centration of warfarin in rats from the different treatment groups
were detected by LC/MS/MS that performed with an AB SCIEX
QTRAP 5500. The liquid chromatographic sample analyses in-
strument was a Waters UPLC system equipped with 2998
Photodiode Array detector. The liquid separation was performed
by Luna Omega Polar C18 column (2.1 mm � 100 mm, 3 mm).
Acetonitrile/water (0.1% formic acid) in a starting volume ratio of
6.5:3.5 to 1.5 min, and then transitions to 9:1 in 1 min, with the
flow rate was 0.4 mL/min. The quantitation of warfarin was
accomplished by MRM with the transitions m/z 306.7/205.2. The
system was operated in the negative mode at �4500 V. The
operating conditions were set as follows: CE, �30 V; ion source
temperature, 600 �C; DP, �120 V; CXP, �5 V; EP, �10 V.

Male C57BL/6 mice were used to investigate the effect of
MCN on the pharmacodynamics of warfarin. The mice were
treated with MCN for four consecutive oral doses with 2 h in-
terval. The mice were given a single oral dose of warfarin
(1 mg/kg) 30 min after the last administration of MCN
(50 mg/kg). The pharmacodynamic interactions were evaluated
by monitoring and comparing the prothrombin time (PT) of the
mice from different treatment groups.

2.6. Cell culture and imaging

HeLa and HepG2 cells were cultured in RPMI-1640 and DMEM
containing 10% FBS, respectively. Cells were seeded in 6-well
plates (100,000 cells/well). After overnight incubation, the plate
was washed with FBS-free medium, and the probe MXMB
(10 mmol/L) was added. The albumin nanoparticles of DDAM
were prepared by desolvation process, which were used to cell
imaging. Then, the cells were incubated for 1 h at 37 �C, and
washed with PBS. The cells were then imaged with a confocal
microscope (Leica SP8, Germany). Images were acquired with
excitation at 633 nm and a fluorescence emission window of
650e690 nm for DDAM, and 690e750 nm for MXMB.

2.7. Angiogenesis assays

HUVEC (DMEM containing 0.1% BSA) were seeded on matrigel
coated Ibitreat angiogenesis slides (20,000 cells/slide) and eval-
uated the tube formation, as previous described40,41. Tubular
structure was imaged with a confocal microscope (Leica SP8,
Germany). Endothelial cell spheroids were generated as previous
described42. After 6, 24 and 48 h in a collagen gel, and angio-
genesis was imaged with a confocal microscope (Leica SP8,
Germany). Images were acquired as described above.

2.8. In vivo imaging of CYP2J2 in tumor-bearing mice

The experiments were performed in accordance with guidelines
approved by the ethics committee of Dalian Medical University
(AEE19047). HeLa and HepG2 cells (5,000,000 cells in PBS)
were injected subcutaneously into nude mice, respectively.
When the tumors grown to a suitable size for imaging, MXMB
(50 mmol/L) was injected into the solid tumors. Imaging was
performed at 0e60 min by virtue of an in vivo imaging system
(PerkinElmer IVIS, USA). The multi-spectral imaging was ob-
tained from 670 to 730 nm and excitated at 630 nm.

3. Results and discussion

3.1. Construct double-filtering strategy to develop selectivity
fluorescent probes

The pronounced substrate overlap for numerous CYPs poses a
major obstacle in the development of highly selective probes for
sensing a given CYP subtype. As such the main challenge for the
development of CYP fluorescent probes is how to overcome the
key problems associated with the interaction between various
CYPs and small molecule fluorophores, to rapidly screen candi-
date(s) with preferred isoform-selectivity and metabolic reaction.
With this research, a novel double-filtering strategy was developed
to uncover CYP isoenzyme-specific NIR fluorescent probes, based
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on the CYP isoforms pool-based activity screening and virtual
screening using reverse protein-ligand docking (Scheme 1).

In the first-stage of screening, a series of NIR fluorescent
substrates were designed comprehensive consideration of fluo-
rescence mechanism and the metabolic preference of CYP en-
zymes (S1 to S11, Supporting Information Fig. S1). These probes
with a potential CYP-mediated fluorescence OFF to ON model,
were then subjected to filtering by using CYP-dependent human
liver microsome (HLM, CYP isoforms pool) system with
NADPH. The in vitro preliminary screening was used to effec-
tively construct a substrate pool of CYPs-activated NIR fluores-
cent probes, including S2, S4, S5, S9, S10 and S11 (Fig. 1A).

In the second-stage of filtering, the NIR fluorescent substrate
candidates were screened using reverse protein‒ligand docking be-
tween methylated fluorophores and the three-dimensional (3D)
structures of human CYPs (Scheme 1B) in order to determine po-
tential isoenzyme-specific CYPs probes. Using the 3D structures of
CYPs includeCYP1A1, 1A2, 1B1, 2A6, 2A13, 2B6, 2C8, 2C9, 2C19,
2D6, 2E1, 2J2, 3A4, 3A5, 4A11, 4F2, 4F3B and 4F12, the distances
from Fe atom of the CYP HEME to the dealkylation site of these
fluorescent candidates were evaluated. When the catalytic distance
exceeded an appropriate range for CYP mediated catalysis (3e6 Å),
the fluorescent substrates were less likely to be dealkylated. For each
fluorescent candidate, a CYP isoform-catalytic spectrum could be
generated according to the calculated catalytic distance. These fluo-
rescent substrates were then subjected to molecular dynamics simu-
lations and free energy calculations using the generalized Born
surface area continuum solvation (MM/GBSA) methods.

The relative catalytic efficiency spectrum of the CYPs
(Fig. 1B) was constructed using the relative values of binding
energy for different CYP subtypes, which represented the selec-
tivity of each fluorescent candidate toward various CYP isoforms.
In order to confirm the reliability of this method, three known
fluorescent probes for CYPs (P1, P2, P3, Supporting Information
Fig. S1) were introduced as control molecules into the fluorescent
probe candidate pool, and the selectivity predicted by the CYP
Figure 1 (A) Dealkylation rates of NIR fluorescent substrates by CYP-

docking predicted selectivity catalytic spectrum of CYPs for the designed N

of CYPs. S1eS11 are the designed fluorescent substrates of CYPs. (C) Doc

into CYP2C9. (D) Docking simulation (left) and molecular dynamic simu
catalytic spectrum, correlated well with the isoform-selectivity
previously reported3,35,36,43,44. Additionally, the predicted results
obtained using the fluorescent substrates agreed with the experi-
mental results of the in vitro incubation assays using recombinant
human CYP isoforms (Supporting Information Fig. S2), which
confirmed the reliability and advantages of our double-filtering
approach for the rapid development of CYP fluorescent probes
with high isoform-selectivity. Finally, as shown in Fig. 1B, S9 and
S10 were discovered as the potential isoform selective and NIR
fluorescent probes of CYP2C9 and CYP2J2, respectively. The
underlying interaction mechanism of DDAM (S9, Fig. 1C) or
MXMB (S10, Fig. 1D) with their corresponding metabolic en-
zymes (CYP2C9 or CYP2J2) were then elucidated using molec-
ular dynamic simulations and docking.

3.2. Spectral properties of DDAM and MXMB

The spectral response of DDAM toward CYP2C9 was first explored.
It was observed a fluorescence spectrum with an emission maximum
at 658 nm upon excitation at 600 nm (Fig. 2A). Upon the addition of
different concentrations of CYP2C9 to the incubation mixtures with
DDAM, the fluorescence intensity at 658 nm increased linearly
(Fig. 2B; R2 Z 0.9941, y Z 2437x‒1984). Subsequent spectral
responseofMXMBtowardCYP2J2 found that amarkedfluorescence
signal was formed which holding an emission maximum at 724 nm
when excited at 670 nm (Fig. 2C). Furthermore, the fluorescence
intensity at 724 nm increased linearly when the concentration of
CYP2J2was varied from1.0 to 12.5 pmol/mL (Fig. 2D;R2Z 0.9993,
y Z 57.49x‒16.51). These fluorescence responses confirmed the
intramolecular charge transfer (ICT) induced by CYP2C9-mediated
dealkylation of DDAM and CYP2J2-mediated dealkylation of
MXMB (Fig. 3A and C). DDAO showed strong fluorescence with
maxima at 658 nmover pH range of 5e11 in contrast to the extremely
weak fluorescence of DDAM (Supporting Information Fig. S3).
Similarly, a discernible change in the fluorescence emission of
HXMB was observed in comparison with MXMB over pH range of
dependent human liver microsome (HLM). (B) Reverse protein-ligand

IR fluorescent substrates. P1, P2 and P3 are known fluorescent probes

king simulation (left) and molecular dynamic simulations (right) of S9

lations (right) of S10 into CYP2J2.



Figure 2 Fluorescence response of DDAM (S9) and MXMB (S10)

toward CYP2C9 and CYP2J2. Fluorescence spectra (A) and fluores-

cence intensity (B) of DDAM with increasing concentrations of

CYP2C9 (1.25e12.5 pmol/mL), lex/lem Z 600/658 nm. Fluorescence

spectra (C) and fluorescence intensity (D) of MXMB with increasing

concentrations of CYP2J2 (1.0e12.5 pmol/mL), lex/lem Z 670/

724 nm.

Figure 3 Proposed mechanism of CYP2C9 (A) and CYP2J2 (C)

triggering the fluorescence response of DDAM and MXMB. Fluo-

rescence response of DDAM (B) and MXMB (D) following incuba-

tion with various human CYP isoenzymes, respectively.
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7e11 (Supporting Information Fig. S4). These results demonstrated
that DDAM and MXMB could be used to determine the activity of
CYP2C9 and CYP2J2 under physiological conditions (pH 7.4),
respectively.
3.3. Selectivity and metabolic properties of DDAM and MXMB

The selectivity of DDAM (S9) and MXMB (S10) for CYP iso-
enzymes was then evaluated using a series of in vitro incubation
experiments. As shown in Fig. 3B, CYP2C9 produced remarkable
fluorescence enhancement at 658 nm, over other CYP isoenzymes.
Moreover, the various potential interfering species hardly influ-
enced the fluorescence response of DDAM, which exhibited high
selectivity for CYP2C9 (Supporting Information Fig. S5). Inhi-
bition assays were performed using some specific inhibitors for
CYP isoenzymes to confirm the specificity of DDAM. The
demethylation of DDAM was inhibited by sulfaphenazole as a
selective inhibitor of CYP2C9 (Supporting Information Fig. S6),
confirming the high selectivity of DDAM toward CYP2C9.
Similarly, CYP2J2 produced remarkable fluorescence enhance-
ment at 724 nm over other CYP isoenzymes when MXMB was
incubated with individual forms of recombinant human CYP
(Fig. 3D). Meanwhile, a series of similar experiments were per-
formed to confirm the specificity of MXMB to human CYP2J2
(Supporting Information Figs. S7 and S8).

Subsequently, the metabolic properties of DDAM and MXMB
were investigated, respectively. CYP2C9 mediated demethylation
of DDAM exhibited MichaeliseMenten kinetics (Supporting
Information Fig. S9), where the apparent substrate affinity con-
stant (Km) and maximum rate constant (Vmax) of CYP2C9 for
DDAM-O-demethylation were determined to be 3.8 mmol/L and
1.31 nmol/min/nmol P450 (Supporting Information Table S1).
Additionally, CYP2J2 mediated MXMB-O-demethylation
exhibited good reactivity, and Km and Vmax were determined to be
0.51 mmol/L and 22.89 nmol/min/nmol P450, respectively
(Supporting Information Fig. S9 and Table S1). These character-
istics of DDAM and MXMB indicated high sensitivity for sensing
CYP2C9 and CYP2J2, respectively. Accordingly, the excellent
selectivity and sensitivity of DDAM and MXMB as well as their
near-infrared fluorescence output should enable the precise and
sensitive detection of the corresponding CYP isoenzyme in
complex biological systems.

3.4. High-throughput screening of CYP2C9 modulators based
on DDAM

CYP2C9 is abundantly expressed in the human liver, and can
metabolize approximately 20% of clinical drugs, some of which
are narrow therapeutic index drugs45,46. As such molecular tools
that could be used to selectively detect the CYP2C9 activity and
further rapidly assess the DDI risks of CYP2C9, would be of
great benefit for the rational usage in clinical medicine. In
previous studies, the risk assessment of CYP2C9-mediated DDI
was determined (1) using LC‒MS/MS method for detecting
metabolites formed in incubation system of human liver mi-
crosomes; (2) or based on recombinant human CYP2C9
combining with mass spectrometry or fluorescence methods47.
The former assay is susceptible to the interference from other
CYP2C enzymes due to the insufficient selectivity of probe
substrate, while the real physiological environment of CYP2C9
was ignored in the later assay, which limited the in vitro-in vivo
extrapolation of DDI risk of CYP2C9. Therefore, there is an
urgent need for a highly selective fluorescent substrate to
facilitate the real-time detection of CYP2C9 in complex bio-
logical systems.

In the present study, we employed DDAM-O-demethylation as
the probe reaction to rapidly screen CYP2C9 modulators from 93
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commonly used clinical drugs visually via fluorescence imaging
using human liver microsome incubation system. The high-
throughput and visual assays in a 96-well-microplate were used
to successfully screen five strong inhibitors (A7: raloxifene, RLX;
B4: sulconazole, SCN; C5: miconazole, MCN; G1: fluvastatin,
FVT; G5: sulfaphenazole, SPN) and eight activators (A6: omep-
razole; A8: dapsone; B7: mebendazole; B10: pantoprazole; D3:
loratadine; E10: estradiol; F6: dopamine; F8: lansoprazole) toward
CYP2C9 (Fig. 4A, H10, H11 and H12 are control samples). The
series of modulators such as MCN, SCN, FVT, RLX and SPN
mentioned above, exhibited significant inhibitory effect toward
CYP2C9 in a concentration-dependent manner (Fig. 4B). More-
over, the inhibitory effects of clinical drugs toward CYP2C9
measured using our high-throughput fluorescence assay agreed
with the corresponding results obtained using the microplate
reader (Supporting Information Fig. S11), which indicated the
accuracy and practicability of our fluorescence strategy. To further
verify the application of CYP2C9 modulator screening for
resolving practical clinical problems of DDI, the risk of warfarin
induced bleeding was assessed during co-administration of the
strong inhibitor (MCN) for CYP2C9 in vivo. From a pharmaco-
kinetic (PK) view, co-administration of MCN can significantly
increase the plasma exposure to warfarin in experimental animals
where the maximum blood concentration (Cmax) and area under
the curve (AUC) were 169% and 85% higher, respectively, when
compared with the control group that were solely administrated
Figure 4 Inhibitory effects of various clinical drugs toward human CY

clinical drugs on CYP2C9 activity after incubation with DDAM in 96-well

lem: 670 � 15 nm, H10, H11 and H12 are control samples). (B) Concentra

Schematic illustration of the administration of CYP2C9 inhibitor MCN

pharmacokinetics (D) and pharmacodynamics (E) of WAR. PT, prothromb

experimental animals from different treatment groups.
warfarin (Fig. 4D, Supporting Information Table S2). Further-
more, the dramatic change in the exposure level to warfarin lead to
pharmacodynamic variations in the experimental animals. The
prothrombin times (PT) of animals administrated with a combi-
nation of MCN and warfarin were significantly prolonged
(Fig. 4E), and life-threatening subcutaneous abdominal wall
hemorrhaging was observed.

Additionally, the highly efficient and sensitive screening
method could be used to effectively uncover some novel natural
modulators of CYP2C9 from complex sample containing diver-
sified chemical components. As such, the inhibitory effects of
herbal medicines and the involved specific inhibitory components
were investigated with the aid of DDAM high-throughput and
visual fluorescence assay (Fig. 5). Several extracts of herbal
medicines exhibited strong inhibitory effects toward CYP2C9,
including Agrimonia pilosa Ledeb. (A3), Evodia rutaecarpa
(Juss.) Benth. (A9) and Eupatorium japonicum Thunb. (A10).
Furthermore, 1-methyl-2-undecyl-4(1H ) quinolone was success-
fully identified as the novel inhibitor of CYP2C9 from E. rutae-
carpa (Juss.) Benth. (Fig. 5C). Additionally, DDAM could also be
used for real-time imaging the endogenous CYP2C9 in living cells
(Supporting Information Fig. S12). Therefore, DDAM, as a visible
molecular tool for detecting CYP2C9 activity, could be used to
construct a high-throughput screening system for the assessment
of clinical DDI risk mediated by human CYP2C9 in complex
biospecimens.
P2C9. (A) Visual fluorescence response to the regulatory effects of

microplates measured by the fluorescent image analyzer (lex: 635 nm,

tion-dependent inhibitory effects of 5 inhibitors against CYP2C9. (C)

and clinical drug warfarin (WAR). Effects of MCN treatment on the

in time. Picture of the subcutaneous abdominal wall haemorrhage for



Figure 5 Inhibitory effects of herbal medicines toward human CYP2C9. (A) Fluorescence image response to the inhibitory action of extracts of

herbal medicines against CYP2C9 after incubation with DDAM in 96-well microplates measured by fluorescent image analyzer (lex: 635 nm, lem:

670 � 15 nm, A1, B1 and C1 are control samples, D1, E1 and F1 are positive control samples treated with 0.1, 1, 10 mmol/L miconazole,

respectively). (B) Corresponding inhibitory effects of herbal medicines on CYP2C9 were measured using the present fluorescent assay (red) by the

fluorescent image analyzer (lex: 635 nm, lem: 670 nm � 15 nm) and relative fluorescence intensity (blue) based on microplate reader (lex: 600 nm,

lem: 658 nm), respectively. (C) HPLC chromatogram of chloroform extracts of Evodia rutaecarpa (Juss.) Benth. and prepared fraction profiles.

The activity remaining of CYP2C9 in presence of individual extracts was inserted. (D) Inhibitory effects of the pre-HPLC fractions from the

extracts of Evodia rutaecarpa (Juss.) Benth. toward CYP2C9. (E) The IC50 and inhibition kinetics of CYP2C9 by fraction 11 (Fr. 11) of Evodia

rutaecarpa (Juss.) Benth.
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3.5. Bioimaging of angiogenesis and tumors based on MXMB

CYP2J2 was a novel potential biomarker for cancer diagnosis and
treatment, owing to its key role in proliferation, apoptosis, and
angiogenesis of primary tumors15,16. Thus, real-time sensing and
imaging of CYP2J2 activity in tumor is highly desirable in clinic.
In the present study, HeLa and HepG2 were used as model cell
lines to demonstrate the potential of the fluorescent probe
(MXMB) for the determination of endogenous CYP2J2 activity in
living biospecimen. After the cells were incubated with MXMB, it
was observed a drastic enhancement of the fluorescence signal in
HeLa and HepG2 cells (Fig. 6A). Pre-treatment with CYP2J2
inhibitor danazol (DNZ) resulted in a remarkable suppression of
intracellular fluorescence due to reduced formation of HXMB
mediated by CYP2J2 (Supporting Information Fig. S13).
Furthermore, MXMB can be used to clearly image tubular
morphogenesis of human umbilical vein endothelial cells
(HUVEC) in an in vitro angiogenesis model (Fig. 6B). Assisted by
3D imaging, the spatial structure of the tubes composed of
HUVEC could be clearly observed at a penetration depth of about
200 mm. The monitoring ability of MXMB for neovessel forma-
tion was verified using real-time imaging of CYP2J2 with the 3D
angiogenesis models (Fig. 6B). Furthermore, the time-dependent
dynamic processes of neovessels sprouting from 3D spheroids
could be visualized, facilitating the real-time tracking of angio-
genesis in malignant neoplasms.

Subsequently, the applicability of MXMB for the in vivo im-
aging of CYP2J2 activity in tumors was evaluated. A fluorescence
signal was rapidly observed in the tumor region after in vivo in-
jection of MXMB. The average fluorescence intensity in HeLa
and HepG2 cell-transplanted tumor at 60 min post-injection was
determined, and was proportional to the expression level of



Figure 6 Fluorescence bioimaging of CYP2J2 in vitro and in vivo. (A) Confocal fluorescence imaging of CYP2J2 activities by MXMB in HeLa

(Top) and HepG2 (Bottom) cells. Scale bar is 50 mm. (B) Confocal fluorescence imaging of tube formation and endothelial cell spheroids

sprouting by MXMB in angiogenesis assays. Insert: schematic of the angiogenesis experiment. 2D and 3D confocal fluorescence imaging of tube

formation. Time-dependent dynamic imaging of neovessels sprouting from 3D spheroids at 6, 24 and 48 h. MXMB (red, lex: 633 nm, lem:

690e750 nm), FITC-Lectin (green, lex: 543 nm, lem: 590e650 nm), scale bar is 100 mm. (C) In vivo imaging in tumor-bearing nude mice after

tumor injection. Activities and protein levels of CYP2J2 in tumor in vitro and in vivo were performed, respectively. FI, fluorescence intensity (p/s/

cm2/sr)/(mW/cm2).

1984 Lei Feng et al.
CYP2J2 in the corresponding tumor samples (Fig. 6C). Addi-
tionally, the strong fluorescence signal observed in HepG2 cell-
transplanted tumor when compared with that of adjacent tissue
indicated the high specificity for tumor tracing of MXMB, and the
specificity was further verified by comparison with CYP2J2 pro-
tein content in tumor tissues. Taken together, it has been
comprehensively evaluated the utility of MXMB for the real-time
detection of CYP2J2 in vitro and in vivo, which facilitated the
visualization of CYP2J2-associated cancer cells, angiogenesis and
neoplasm.

4. Conclusions

In summary, using a novel double-filtering strategy which pro-
vides a new practical approach to develop CYP isoenzyme-
selective fluorescent substrates, we have developed two NIR
fluorescent probes for the selective and sensitive detection of CYP
isoenzymes. DDAM has been used for sensing CYP2C9 activity
and high-throughput screening of CYP2C9 modulators, which
could provide useful guidance in the assessment of clinical DDI
risks mediated by CYP2C9. While, MXMB could be selectively
activated by CYP2J2 in various tumor models, thereby facilitating
the real-time and multi-dimensional tracking of CYP2J2 activity
in various living biological systems. More importantly, the present
strategy is more broad-spectrum and practical, and the combina-
tion of ‘real’ screening and ‘virtual’ screening of our strategy may
provide new idea for developing other enzyme-activated and
isoform-specific fluorescent probes.
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