pharmaceutics

pubs.acs.org/molecularpharmaceutics

Metabolic Profile, Enzyme Kinetics, and Reaction Phenotyping of
p-Lapachone Metabolism in Human Liver and Intestine in Vitro
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ABSTRACT: f-Lapachone (f-Lap) is an NAD(P)H:quinone
oxidoreductase 1 (NQO1) target antitumor drug candidate in
phase II clinical trials. The present study aimed to uncover the
metabolic profile, enzyme kinetics, and enzyme isoforms for
the metabolism of f-Lap in human liver and intestine in vitro.
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NQO1-mediated quinone reduction and subsequent glucuronidation is the predominant metabolic pathway for f-Lap in
humans; a pair of regioisomers (M1 and M2) of reduced f-Lap glucuronides were the major metabolites found from human
S9 incubations. The overall glucuronidation clearance of f-Lap in human liver S9 was 4754.90 4L/min/mg of protein and was
8.1-fold of that in human intestinal S9. Recombinant UDP-glucuronosyltransferase (UGT) screening, correlation analysis,
enzyme kinetics, and chemical inhibition study were performed to determine the UGT isoforms involved in -Lap metabolism.
UGT1A7, UGT1A8, and UGT1A9 are the predominant isoforms responsible for the formation of M2 while UGT2B7 is the
main isoform for M1, suggesting a regioselective glucuronidation of reduced quinone by UGTs. It was of interest to find that
PB-Lap underwent nonenzymatic two-electron reduction, providing a novel explanation for the toxicities of f-Lap to NQO1-
negative cells at high concentration and with long-time incubation. In conclusion, this study contributes to a better understanding
of not only f-Lap metabolism but its antitumor property as well.
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Bl INTRODUCTION

p-Lapachone (3,4-dihydro-2,2-dimethyl-2H-naphthol[1,2-b]-
pyran-5,6-dione, f-Lap), an o-naphthoquinone derivative
originally obtained from the bark of the lapacho tree (Tabebuia
avellanedae) in South America,' has aroused huge attention for
its widely pharmacological activities including antibacterial,”
antifungal,3 trypamocidal,“’5 and especially the powerful anti-
cancer potentials.® f-Lap as a novel anticancer agent exhibits
selective antitumor activity against various human cancers.” '
It is currently in multiple phase II clinical trials as monotherapy
and in combination with other cytotoxic drugs, such as gem-
citabine in pancreatic adenocarcinoma treatment.' "> Accumu-
lating evidence strongly suggests that the anticancer effect of
p-Lap originates from the metabolic bioactivation by NQO1."
NQO1-mediated futile cycling between the oxidized and reduced
forms of f-Lap results in dramatic reactive oxygen species (ROS)
formation, extensive DNA damage, poly(ADP-ribose) polymerase-
1 (PARP-1) hyperactivation, and ATP and NAD+ loss, leading to
cell death."®™* NQOL1 is thus believed to be the primary intra-
cellular target of f-Lap, and accumulating evidence indicates that
the pharmacological efficacy of f-Lap is largely dependent on its
metabolic process. Therefore, it is definitely important to under-
stand the metabolic characteristics and mechanisms of f-Lap in
humans, which provide a translational link from its metabolism to
the pharmacological efficacies.

Identification of metabolites of f-Lap had been previously
performed both in vivo and in vitro and in animal species and
human beings. Except for the specific oxidation metabolism in

7 ACS Publications  © 2012 American Chemical Society

3476

red blood cells, f-Lap was found predominantly metabolized
via ortho-quinone two electron reduction and sequentially
various types of phase II conjugations.12’15’16 However, largely
unknown are the enzyme kinetics and enzyme isoforms in-
volved in the metabolism of f-Lap, both of which are indispens-
able parts of drug metabolism research. In addition, given that
the pharmacological efficacies of f-Lap are closely related to its
metabolic process, enzyme kinetics and enzyme reaction pheno-
typing study are important for a better understanding and pre-
diction of potential individual variability of its pharmacological
efficacies. In a more recent study, we have developed a universally
applicable method for the reaction phenotyping assay of sequential
quinone reduction and glucuronidation of ortho-quinone com-
pounds using tanshinone IIA as a model compound.'” Because
P-Lap is structurally similar to tanshinone IIA, we hypothesized
herein that f-Lap may also be metabolized predominantly via an
NQO1 and UGT catalyzed sequential metabolism.

The present study was thus designed to clarify the metabolic
profiles of f-Lap in human liver and intestinal S9 fractions, to
identify the UGT isoform(s) responsible for the metabolism of
P-Lap in humans, and to determine the glucuronidation enzyme
kinetics of f-Lap in pooled human liver, intestinal S9 and
recombinant human UGTs. Because NQOI is mainly distributed
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in cytosol while UGTSs are mainly located in microsomes, the
S9 fractions that contain both cytosol and microsomes were
applied in the present study for characterizing f-Lap enzyme
kinetics."” Furthermore, recombinant human NQO1 was used in
combination with human UGT supersomes to determine the seq-
uential quinone reduction and subsequent conjugation metabolism.

B MATERIALS AND METHODS

Materials. p-Lapachone was purchased from Southeast
Pharmaceuticals, Inc. (Jiangsu, China). Glucose 6-phosphate,
glucose 6-phosphate dehydrogenase (PDH), f-nicotinamide
adenine dinucleotide phosphate (NADP), uridine $’-diphos-
phate-glucuronic acid (UDPGA), p-saccharic acid 1,4-lactone,
P-glucuronidase (Escherichia coli), recombinant human NQO1,
alamethicin, dicoumarol, propofol, naloxone, naloxone-3-glucur-
onide, and serotonin were all purchased from Sigma Chemical
(St. Louis, MO, USA). Diazepam was purchased from the
National Institute for the Control of Pharmaceutical and Bio-
logical Products (Beijing, China). Pooled human liver S9
(HLS9), human intestinal S9 (HIS9), and human liver cytosol
were obtained from Research Institute for Liver Diseases Co
LTD (Shanghai, China). A panel of recombinant human UGT
Supersomes expressed in baculovirus infected insect cells (UGT1AL,
1A3, 1A4, 1A6, 1A7, 1A8, 1A9, 1A10, 2B4, 2B7, 2B15, and 2B17)
and 7 individual human liver microsomes (HH61, HH629, HH854,
HHS855, HH645, HH746, and HHS24) with the data on UGT
activities toward S-estradiol, trifluoperazine, and propofol were
obtained from BD Biosciences (Bedford, MA, USA). Oasia HLB
solid phase cartridges were obtained from Waters Corporation
(Milford, MA, USA). All other chemicals were of HPLC grade or
the best grade that was commercially available.

Metabolic Profiling. The typical reaction mixtures (200 uL)
contained 100 mM potassium phosphate buffer (pH 7.4), S mM
MgCl,, 200 pg of S9 protein, a NADPH regenerating system
(02 mM NADP, 1.9 mM glucose-6-phosphate, 1.2 U/mL
glucose-6-phosphate dehydrogenase), 2 mM UDPGA, 1 mM
saccharic acid 1,4-lactone, and 40 yM S-Lap. Control assay was
conducted without f-Lap. The pooled subcellular fraction S9
was pretreated with alamethicin at 25 pug/mg of protein on ice
for 20 min to diminish the latency of UGT activity. After pre-
incubation for 5 min at 37 °C, the reaction was initiated by the
addition of 2 mM UDPGA. All reactions were incubated at
37 °C for 2 h and terminated by cooling in ice bath followed by
solid-phase extraction (SPE) and then analyzed by liquid
chromatography/hybrid ion trap/time-of-flight mass spectrom-
etry (LC-IT-TOE/MS).

Metabolite identification of f-Lap was performed by LC-IT-
TOF/MS in both the positive and negative ionization modes
with full-scan detection. LC experiments were conducted using
a Shimadzu (Kyoto, Japan) HPLC system consisting of an LC-
20AD binary pump, an SIL-20AC autosampler, a CTO-20AC
column oven, and an SPD-M20A PDA. Chromatographic sep-
aration of analytes was achieved using a Zorbax Eclipse XDB-
C18 column (150 mm X 2.1 mm id, 3.5 ym) with a guard
column. The column and autosampler tray temperatures were
set at 35 and 4 °C, respectively. The mobile phase consisted of
water (A, 0.1% (v/v) formic acid) and acetonitrile (B) and was
delivered at a flow rate of 0.2 mL/min. The mass detection was
carried out using a Shimadzu ion trap/time-of-flight hybrid mass
spectrometry (IT-TOF/MS) (Shimadzu, Kyoto, Japan), equipped
with an electrospray ionization source. The optimized operating
conditions were as follows: positive/negative mode; electro-

spray voltage, 4.5 kV (positive) and —3.5 kV (negative); CDL
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temperature, 200 °C; block heater temperature, 200 °C; nebuliz-
ing gas (N,), 1.5 L/min; drying gas (N,) pressure, 0.1 MPa; trap
cooling gas (Ar) flow, 95 mL/min; pressure of ion trap, 1.7 X 1072
Pa; pressure of TOF region, 1.5 X 10™* Pa; jon accumulated time,
50 ms; detector voltage, 1.70 kV; collision energy at 30% for MS?
and 50% for MS?; scan range of m/z 100—800 for MS', 100—750
for MS?, and 50—750 for MS>. Data acquisition and analysis
were performed with LC Solution 3.0 software (Shimadzu,
Kyoto, Japan).

To identify the glucuronidation metabolites, the glucuronide
hydrolysis assay was performed using p-glucuronidase. The
incubation samples (200 uL) prepared as described above were
immediately centrifuged (9000g for 10 min), and an aliquot
(100 pL) of sample was incubated in the absence (control) and
presence of 4000 units of B-p-glucuronidase in acetic acid/
sodium acetate buffer (pH 4.5) for 6 h at 37 °C.

Dicoumarol, a specific inhibitor of NQO1,"® was used to
determine the potential role of NQOI on f-Lap metabolism.
To determine its inhibitory effect on the formation of M1 and
M2, f-Lap (S uM) was incubated with pooled human liver S9
(0.025 mg/mL) in the absence or presence of 20 4M dicoumarol
for 10 min. For M3, M4, and MS, f-Lap (100 #M) was incubated
with pooled human liver S9 (1 mg/mL) in the absence or
presence of 100 #M dicoumarol for 2 h.

Reaction Phenotyping. Based on our previously devel-
oped method, pooled human liver cytosol (0.2 mg of protein/
mL) as an NQO1 donor in combination with recombinant
UGTsS was applied for the reaction phenotyping screen. A panel
of commercially available UGT isoforms including UGT 1Al,
1A3, 1A4, 1A6, 1A7, 1A8, 1A9, 1A10, 2B4, 2B7, 2B15, and
2B17 (protein concentrations were all at 0.05 mg/mL) was
screened for f-Lap glucuronidation at two different concentrations
(0.5 uM and S uM). The incubation conditions were the same
as those described above for S9 incubations. The reaction was
terminated with cold acetonitrile, and the supernatants were
analyzed by LC—MS.

Correlation Analysis. The correlation analysis between the
glucuronidation activity toward p-Lap and the typical UGT
substrates in seven individual human liver microsomes was
performed. Glucuronidation activities of estradiol 3f-glucur-
onidation (UGT1A1), trifluoperazine glucuronidation (UGT1A4),
and propofol glucuronidation (UGT1A9) were obtained from the
manufacturer. Naloxone glucuronidation (UGT2B7) was mea-
sured based on a previously reported method."”” The incubation
conditions were the same as described above for the glucuronida-
tion assay of f-Lap. A linear regression analysis was conducted,
and a p value less than 0.05 was considered statistically significant.

Chemical Inhibition Studies. To further verify the
phenotyping results, chemical inhibition studies were per-
formed using three typical UGT probe substrates, serotonin
(UGT1A6), propofol (UGT1A9), and naloxone (UGT2B?7).
p-Lap (0.5 uM) was incubated with pooled HLS9 (0.025 mg/mL)
in the absence or presence of each typical substrate (0—500 xM),
and the ICS0 value of each typical probe substrate was deter-
mined. The same incubation procedure as described above was
followed.

Enzyme Kinetics Analysis. The enzyme kinetics assay for
p-Lap (0.1-50 uM) glucuronidation was conducted in pooled
human liver (0.025 mg/mL) and intestinal (0.1 mg/mL) S9
fractions, and the recombinant human UGT1A7 (0.008 mg/mL),
UGT1A8 (0.025 mg/mL), UGT1A9 (0.005 mg/mL), and
UGT2B7 (0.0125 mg/mL) in combination with a pooled
human liver cytosol. The incubation time was all set at 10 min.
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Table 1. Summary of Molecular Ions, Formula, Retention Time, and Fragment Ions for Metabolite Identification of f-Lap in
Human Liver S9 Incubation System

metabolites obsd m/z (ppm®) formula (M) retention time (min) molecular ions fragment ions
M1, M2 419.1335 (—3.10) Cy H,,0, 37.16, 37.81 [M - H]" 243.0997, 225.0895, 187.0389, 175.0252, 159.0455
M3 435.1289 (—1.84) Cy1H,,040 16.07 M - H]~ 259.0936, 201.0537, 193.0337, 173.0624
M4 435.1279 (—4.41) CyH,,050 2351 M - H]" 259.0934, 187.0386, 159.0418
MS 595.1615 (=8.91) CyHy0 2279 [M - H] 419.1312, 243.1053, 187.0342
M6 275.0910 (2.91) CsH 605 24.75 M - H]” 231.1014, 187.1132, 129.0946
B-Lap 243.1013 (—1.23) Cys H,,05 41.02 [M + H]* 225.0900, 201.0563, 187.0397, 159.0440, 133.0296
“Difference between the observed and theoretical values.
The protein concentration and incubation time were preferentially x10,000,000)
optimized to ensure linear formation of metabolites. Other incuba- o 1 Control (TIC)
tion conditions were the same as those described previously.
Enzymatic and Nonenzymatic Reduction of f-Lap. To 1.00
determine the role of NQO1 on the metabolism of S-Lap, we 075
used recombinant human NQO1 (50 yg/mL) in combination with
recombinant UGT1A9 (0.05 mg/mL) or UGT2B7 (0.2 mg/mL) to 0.50
determine the enzymatic and nonenzymatic reduction of f-Lap 0.25 J J‘
(20 uM). The following experimental groups were designed to 000 s Anrn
compare their respective metabolic velocities: group 1 (with 0050 100 150 200 250 300 30 400 450 800 850 600
NQO1 and NADP); group 2 (with NQO1 and without NADP); (x10,000,000)
group 3 (with NADP and without NQOL1); group 4 (without I HLSS (TIC
NQO1 and NADP). The incubation time was 10 min for 1.00 me
UGT1A9 and 15 min for UGT2B7. Other incubation conditions 075
were the same as those described previously.
Quantification of f-Lap and p-Lap Glucuronides. The 0.50
LC—MS analysis was performed using a Shimazu LC-10AD
HPLC system, a SIL-HTC autosampler, and a CTO-10Avp column 0.25
oven, which is coupled with a LC—MS 2010A quadrupole mass
spectrometer equipped with an ESI interface (SHIMAZU, Japan). B R A YA M W T e
The chromatographic separation was performed on a Zobax 1.000,000)
Eclipse XDB-C18 column (150 mm X 2.1 mm id, 3.5 ym) 5.0 1:435.1289 (5.00) ”
with a guard column. Samples were ionized using the following y igégigﬁ !éggi s HLS? (EIC)

source conditions: gas flow, 1.5 L/min; curve dissolution line
(CDL) voltage fixed as in tuning; CDL temperature, 250 °C;
block temperature, 200 °C. The mobile phase consisted of
water (A, 0.1% (v/v) formic acid) and acetonitrile (B). For the
quantification of #-Lap, ESI positive ionization mass spectrom-
etry operated in the selected ion monitoring (SIM) mode was
applied using m/z 242.9S. Diazepam (10 ng/mL) was used as
an internal standard and monitored at m/z 284.95. The
separation was achieved using the following elution gradient:
linear gradient from 40% B to 90% B (0—1 min), and 90% B for
another 3 min (1—4 min), then back to 40% B (4—5 min), and
with the final stop at 9 min. For the determination of S-Lap
glucuronides M1 and M2, ESI negative ionization mass
spectrometry in SIM mode was applied with m/z 418.95 and
the internal standard (chlorzoxazone, 20 ng/mL) at m/z 167.90.
The separation was achieved using the following elution gradient:
30% B (0—2.5 min), linear gradient from 30% B to 38% B
(2.5—14 min), 38% B to 90% B (14—15 min), 90% B for
another 1.5 min (15—16.5 min), then back to 30% B (16.5—
17 min), and finally with the stop at 21 min.

Because the authentic standards of f-Lap glucuronides were
commercially unavailable, a p-p-glucuronidase hydrolysis
method of “related quantitative coefficient” was developed for
quantifying B-Lap glucuronides based on our previous
method."” Using S-p-glucuronidase enzyme to hydrolyze the
samples, f-Lap glucuronides were hydrolyzed to f-Lap because
the catechol intermediate is highly unstable and immediately
auto-oxidizes to f-Lap. The increased peak area of f-Lap of the
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Figure 1. Total ion chromatograms (TIC) and extracted ion chro-
matograms (EIC) of f-Lap metabolites obtained from the negative ion
scan mode. #-Lap was incubated with human liver S9 in the presence
of NADPH-generating system and UDPGA at 37 °C for 2 h.
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Figure 2. Inhibitory effect of dicoumarol on the formation of f-Lap
glucuronides (M1, M2, M3, M4, and MS) in human liver S9 incubation

system.

hydrolyzed samples relative to the control samples (without the
addition of f-p-glucuronidase enzyme) can be attributed to the
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Figure 3. Proposed metabolic profile of f-Lap in human liver S9 fraction. Bold arrow “—” indicates the predominant metabolic pathway. The
catechol intermediate produced from NQO1 mediated two-electron reduction was highly unstable and could not be detected.

release of f-Lap from both glucuronides (M1 and M2). The
“related quantitative coeflicient” was then determined by com-
paring the peak area of f-Lap released from the hydrolysis with
that of f-Lap glucuronides, assuming M1 and M2 share the
same mass response. The retention time of M1, M2, chlorz-
oxazone, ff-Lap, and diazepam was 11.78, 12.43, 5.31, 5.33, and
5.38 min, respectively. The method for the quantification of
p-Lap exhibited good linear response in a concentration range
from 0.01 to 5 uM with a correlation coefficient over 0.994.
The lower limit of quantification was 0.01 uM. The extraction
recovery of f-Lap was determined to be over 85% at all tested
concentrations and samples. The intrabatch accuracy ranged
from 91.6 to 110.1% at the tested concentrations with the
precision (RSD) within 5.0% for control samples, and 89.4—
106.7% with the precision (RSD) within 6.3% for hydrolysis
samples. The interbath accuracy ranged from 91.6% to 112.6%
at the tested concentrations with the precision (RSD) within
5.4% for control samples, and from 88.8 to 109.1% with the
precision (RSD) within 6.5% for hydrolysis samples.

Data Analysis. Metabolic rate was expressed as pmol/min/
mg of protein. The formation of f-Lap glucuronides M1 and
M2 in the pooled human liver or intestinal S9 fractions and in
the human recombinant UGT1A7, UGT1A8, UGT1A9, and
UGT2B7 expressed in baculovirus-infected cells was fitted
to the substrate inhibition kinetics. The substrate inhibition
Michaelis—Menten equation, V = V,,,.[S]/(K,, + [S] + [S]*/K,),
where K, is the Michaelis—Menten constant, V. is the
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maximum velocity, [S] is the substrate concentration, and Kj; is
the inhibition constant for the second substrate molecule, was
applied to estimate the apparent kinetic parameters using a non-
linear least-squares method. The correlation study was conducted
by the Spearman correlation analysis, and the correlation was
considered significant at the 0.05 level. Kinetic parameters, IC50,
and Kj; values are reported as means =+ standard deviation.

B RESULTS

Metabolic Profile of p-Lap in Human Liver and
Intestinal S9 Fractions. A total of six metabolites including
five glucuronidation products and a phase I oxidation meta-
bolite were identified from human liver S9 fractions using LC-IT-
TOF/MS analysis (Table 1, Figure 1). M1 and M2 ([M — H] ~,
m/z 419.1335) were identified from both human liver and
intestinal S9 fractions as a pair of regioisomers of the mono-
glucuronide of reduced f-Lap. As seen from Figure 1, M1 and
M2 show the highest mass signal intensity among all the
metabolites detected, indicating M1 and M2 are the major
metabolites of f-Lap. MS (m/z 595.1615) was identified as a
diglucuronide product of the reduced f-Lap. M6 (m/z 275.0910),
detected from both human liver and intestinal S9 fractions, was
identified as a dicarboxylic acid metabolite, which was evi-
denced from the diagnostic fragment ions at m/z 231 and 187
generated from the precursor ion m/z 275 via sequential losses
of CO,.">"* M3 and M4 were identified as two novel metabo-
lites from a sequential hydroxylation and glucuronidation of
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p-Lap. The presence of the deprotonated ion at m/z 435
and the major fragment at m/z 259 implies that the glucu-
ronidation may occur on either the catechol form of the
oxidized f-Lap (NQO1 dependent) or the hydroxyl group after
pyran ring hydrolysis (NQO1 independent). For M3, the
fragment ion at m/z 201 was produced through a neutral loss of
isopropanol (58 Da) from m/z 259; a further neutral loss of
CO (28 Da) from m/z 201 produced an ion at m/z 173; this
fragmental pattern indicates the hydroxylation may occur at the
C2 position. In addition, dicoumarol showed negligible in-
hibitory effect on M3 formation (Figure 2), which indicates the
glucuronidation must occur on the hydroxyl group after pyran
ring hydrolysis. The formation of M4 was inhibited by di-
coumarol to a great extent (Figure 2), indicating an NQO1
dependent manner; the production of a fragment at m/z 187
indicates the hydroxyl group from oxidation was lost together
with the isobutene moiety (72 Da). Thus we proposed that M4
was produced from a hydroxylation metabolism at either
position 3 or the dimethyl group and the subsequent glucuronida-
tion at the catechol form of the reduced f-Lap. Dicoumarol
inhibition experiments (Figure 2) in combination with f-
glucuronidase enzyme hydrolysis (data not shown) demonstrate
that NQO1-mediated quinone reduction and the subsequent
glucuronidation is the predominant metabolic pathway for f-Lap,
and a pair of regioisomers (M1 and M2) of reduced f-Lap
glucuronides were the major metabolites in humans (Figure 3).

Reaction Phenotyping of p-Lap Glucuronidation.
Incubation of #-Lap (0.5 and 5 M) with 12 human UGT super-
somes in combination with human liver cytosol as an NQO1
donor revealed that UGT1A7, UGT1AS8, and UGT1A9 were the
major isoforms involved in the formation of M2; the meta-
bolic velocity at the f-Lap concentration of 5 uM was 11706.60,
4449.89, and 11702.20 pmol/min/mg, respectively. UGT2B7
was found to be the predominant isoform responsible for M1
production with a metabolic velocity at 4461.10 pmol/min/mg.
All other UGT isoforms showed little activity (Figure 4).

Correlation Analysis with UGT Probe Substrates in
Individual Human Liver Microsomes (HLMs). The
velocities of producing M1 and M2 in 7 individual HLMs in
combination with pooled human liver cytosol as an NQO1
donor ranged from 245.80 to 466.10 and 732.14 to 1754.98
pmol/min/mg of protein, respectively. The formation of M1
and M2 was correlated with the glucuronidation of estradiol at
the 3-OH position (UGT1Al), trifluoperazine (UGT1A4),
propofol (UGT1A9), and naloxone (UGT2B7) (Figure 5). M2
formation was found correlated well (r = 0.9421, p = 0.0015)
with the glucuronidation of propofol, a typical UGT1A9 substrate.
In contrast, no significant correlation was found with estradiol
3p-glucuronidation (UGT1A1) and naloxone glucuronidation
(UGT2B7). Good correlation was observed between M2 forma-
tion and trifluoperazine glucuronidation (UGT1A4) that also has a
good correlation with propofol glucuronidation (data from BD
Biosciences). M1 formation only correlated well (r = 0.6633, p =
0.1043) with naloxone glucuronidation (UGT2B7). The results of
correlation analysis further support the aforementioned reaction
phenotyping results.

Inhibition of f-Lap Glucuronidation by UGT Probe
Substrates. The inhibitory effects of three commonly used
UGT probe substrates, serotonin (UGT1A6), propofol
(UGT1A9), and naloxone (UGT2B7), on f-Lap glucuronidation
activities in the pooled human liver S9 are shown in Figure 6.
These substrates exhibited different inhibitory influences on the
formation of f-Lap glucuronides in vitro. Propofol showed
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Figure 4. Formation of f-Lap glucuronides M1 and M2 by
recombinant human UGT isoforms. 0.5 uM f-Lap (A) and S uM p-
Lap (B) were incubated with recombinant human UGT isoforms
(UGT 1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9, 1A10, 2B4, 2B7, 2B15, and
2B17) at 0.0S mg/mL protein for 10 min, using pooled human liver
cytosol as an NQOI donor as described in Materials and Methods.
Open and closed columns represent f-Lap glucuronides M1 and M2,
respectively. Each bar represents the mean + SD of triplicate
determinations.

potent inhibitory effect on both M1 and M2 formation, char-
acterized with an ICS0 value of 60.53 + 1.04 M and 91.75 +
1.02 uM, respectively. Naloxone was shown to be a potent
inhibitor of M1 formation, with an ICS50 value of 104.20 + 1.17 yM.
Serotonin showed negligible inhibitory effect on both M1 and M2
formation with an IC50 > 500 M.

Enzyme Kinetics Parameters. We performed the enzyme
kinetics analysis of #-Lap glucuronidation in human liver and
intestinal S9 fractions, and recombinant UGT1A7, UGT1AS,
UGT1A9, and UGT2B7 in combination with a human liver
cytosol incubation system. As shown in Figure 7 and Figure 8,
kinetic data for HIS9, HLS9, UGT1A7, UGT1A8, UGT1A9,
and UGT2B7 were best fitted to the substrate inhibition
equation. Kinetic parameters including the apparent K, K
Viaw and CLy, (V,,../K,,) for M1 and M2 are summarized in
Table 2. Substrate inhibition was strong in the formation of M1
catalyzed by UGT1A9 and UGT2B7 (K, < K,,), but weak in
others (K > K_,). For HLS9, the apparent kinetic parameter
Koy Voo Ky, and CLy,, for M1 was 2.37 & 0.67 uM, 299.40 +
46.53 pmol/min/mg, 17.07 + 5.37 uM, and 126.33 uL/min/
mg; and 0.28 + 0.02 uM, 1296.00 + 23.50 pmol/min/mg,
68.43 + 6.31 uM, and 4628.57 uL/min/mg for M2,
respectively. HIS9 could catalyze the formation of M2 with
Ky Vinao Ky, and CLy, at 0.41 % 0.04 uM, 240.30 % 7.05 pmol/
min/mg, 139.30 + 29.46 uM, and $86.10 uL/min/mg,
respectively, but showed a low activity toward M1 formation.
UGT1A9 exhibited a high affinity (K, 0.40 + 0.14 uM) and
capacity (Ve 14734.00 + 1811.00 pmol/min/mg) toward the
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Figure S. Correlation analysis of f-Lap glucuronidation with the typical UGT1A1 (estradiol, A and E), 1A4 (trifluoperazine, B and F), 1A9
(propofol, C and G), and 2B7 (naloxone, D and H) substrates in 7 individual human liver microsomes in combination with pooled human liver
cytosol as an NQO1 donor. A p value less than 0.05 was considered statistically significant.

formation of M2, while UGT1A7 and UGT1A8 exhibited a
moderate affinity and capacity. In contrast, UGT2B7 preferred
to produce M1 with the apparent kinetic parameter K, V..,
K, and CL,, at 19.30 + 6.04 uM, 21125.00 + 5765.00
pmol/min/mg, 3.04 + 0.97 uM, and 1094.56 uL/min/mg,
respectively.

Enzymatic and Nonenzymatic Reduction of g-Lap. To
determine the role of NQO1 on reducing f-Lap, enzymatic and
nonenzymatic reduction assays were conducted in recombinant
human UGT1A9 and UGT2B7 with or without the addition of
recombinant human NQO1 and NADPH generation system
(Table 3). It was surprising to find that f-Lap underwent
quinone reduction and subsequent glucuronidation metabolism
even without the addition of both NQO1 and NADPH albeit to
a very weak metabolism, suggesting a nonenzymatic reduction.
Furthermore, the addition of NADPH could significantly pro-
mote the nonenzymatic reduction, and the enzymatic activity of
NQOI1 was found largely dependent on the addition of NADPH.
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As expected, the metabolic velocity was highest when both
NQO1 and NADPH were concurrently added. For UGT1A9, the
velocities of M1 and M2 formation in the group with the addition
of both NADPH and NQO1 were 11.2- and 7.7-fold, respectively,
higher than that where only NADPH was added. For UGT2B?,
such a difference was 51.0- and 25.7-fold, respectively. These results
strongly suggest that NQO1 plays an important role in promoting
the reduction and subsequent glucuronidation of S-Lap; however,
J-Lap can also be reduced in an NQO1 independent and NADPH
facilitated manner.

B DISCUSSION

High expression levels of NQOI have been observed in liver,
lung, colon, and breast tumors as compared to normal tissues of
the same origin.”>*" In particular, NQO1 activity was increased
up to 80-fold in non-small cell lung carcinoma (NSCLC)
tumors relative to normal lung and 20—35-fold in NSCLC
relative to small cell lung carcinomas (SCLC) cell lines.*
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Figure 6. Inhibitory effects of typical substrates on p-Lap
glucuronidation in pooled human liver S9. Propofol (0—200 uM),
naloxone (0—500 yM), and serotonin (0—S00 M) were used as
inhibitors. The protein concentration was 0.025 mg/mL protein, and the
incubation time was 10 min. ICS0 values were calculated graphically, and
each data point represents the mean of triplicate incubations.

The distinctive higher expression levels of NQO1 in various tumor
tissues relative to the normal tissues promise NQO1 as a po-
tential therapeutic target.”® S-Lap is a promising NQOI target
antitumor drug candidate. Its pharmacological activity and
involved mechanisms have been extensively studied. In
contrast, much less is known about its metabolic properties
and mechanisms. A number of previous researches have con-
tributed to the metabolite identification of f-Lap and indicated
that S-Lap is predominately metabolized via quinone reduction
and subsequent glucuronidation.'”” However, critical questions
concerning the metabolism of f-Lap including the enzymes
involved in the reduction and glucuronidation and the enzymatic

kinetics remain elusive. The present study contributed to a
novel and important finding that NQO1 and UGT1A9/UGT2B7
mediated quinone reduction and subsequent glucurondiation are
the major determinant of f-Lap metabolism.

On the basis of a LC-IT-TOF/MS analysis and the evidence
from the f-glucuronidase enzyme hydrolysis and dicoumarol
inhibition experiments, we confirmed that the quinone reduc-
tion and subsequent monoglucuronidation to produce a pair of
regioisomers (Figure 1, M1 and M2) is the predominant meta-
bolic pathway of f-Lap in human liver and intestinal S9 fractions.
This result was consistent with that from previous studies in
human hepatocytes and in vivo study. Four other metabolites
including three glucuronides (M3, M4, and MS) and one
oxidation metabolite (M6) were identified from the human
liver S9 incubations. M6, proposed as a dicarboxylic acid meta-
bolite, was previously identified from the whole blood incubations
but not human hepatocytes. Our study in human liver S9 fractions
suggests that f-Lap can also be oxidized in the liver, albeit to a
much lesser extent compared to glucuronidations. M3 and M4
shared the same molecular weight, and both were proposed as the
metabolites of hydroxylation in combination with glucuronidation.
With the aid of detailed fragment analysis, we were able to propose
the different metabolic moiety of M3 and M4; and these two
isomers are novel metabolites identified for f-Lap.

To identify the specific UGT isozymes responsible for -Lap
glucuronidation, multiple approaches including reaction pheno-
typing using recombinant cDNA-expressed UGT enzymes,
correlation analysis in human liver microsomes, and chemical
inhibition were employed. In vitro incubation with a panel of
12 commercially available human recombinant UGTSs super-
somes showed that UGT2B7 exhibited the highest activity for
the formation of M1, while UGT1A7, UGT1A8, and UGT1A9
were the major isoforms involved in the formation of M2.
Results obtained from the present study in combination with
previous reports strongly indicates that the ortho-quinone re-
duction and subsequent glucuronidation is the predominant
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Figure 7. Representative Lineweaver—Burk plots and Eadie—Hofstee plots for the formation of #-Lap glucuronides M1 and M2 by the incubation of
p-Lap with HLS9 (A and B) and HIS9 (C). f-Lap (0.1—-50 #M) was incubated with HLS9 (0.025 mg/mL) and HIS9 (0.1 mg/mL) for 10 min. Data

represent the mean + SD of triplicate determinations.
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Figure 8. Representative Lineweaver—Burk plots for the formation of f-Lap glucuronides (M1 and M2) by incubating f-Lap (0.1—50 xM) with the
recombinant human UGT1A7 (A and E), UGT1A8 (B and F), UGT1A9 (C and G), and UGT2B7 (D and H) in combination with pooled human
liver cytosol as an NQO1 donor.

Table 2. Kinetic Parameters of f-Lap Glucuronidations in Pooled Human Liver, Intestinal $9, and Human UGT1A7, UGT1AS,
UGT1A9, UGT2B7 Supersomes

K., (umol/L) Ve (pmol/min/mg) K; (pmol/L) CL, (¢L/min/mg)
M1 M2 Ml M2 M1 M2 M1 M2
HLS9 237 + 0.67 0.28 + 0.02 299.40 + 46.53 1296.00 + 23.50 17.07 £ 5.37 68.43 + 6.31 126.33 4628.57
HIS9 LA 041 + 0.04 LA 240.30 + 7.0 LA 139.30 + 29.46 LA 586.10
UGT1A7 5.64 £ 0.91 2.71 £ 032 4175.00 + 468.20 18037.00 + 1089.00 9.08 £ 1.55 28.32 + 3.95 740.25 6655.72
UGT1A8 5.78 + 1.5 4.02 £ 1.10 825.60 + 156.50 6252.00 + 840.30 8.58 +2.44 75.50 + 3246 142.84 1555.22
UGTIA9 3742 £ 4713 040 + 014  38394.00 + 4602800  14734.00 + 1811.00  0.71 + 0.89 19.11 + 6.81 102603 36835.00
UGT2B7 19.30 + 6.04 5.53 £ 1.90 21125.00 + 5765.00 4458.00 + 877.70 3.04 + 0.97 34.60 + 14.54 1094.56 806.15
metabolic pathway of f-Lap, and also other ortho-quinones Although the two-electron reduction can occur automatically in
such as tanshinone IIA.** This type of metabolism involves a a nonenzymatic mode for some quinones, this process is greatly
first step of two-electron reduction to produce a catechol inter- promoted by the two-electron quinone reduction enzyme NQOI.
mediate which is subjected to immediate glucuronidation. Previous studies in assessing the pharmacological mechanisms of
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Table 3. Glucuronidation Velocity Followed with Enzymatic and Nonenzymatic Reduction of #-Lap

glucuronidation velocity (pmol/min/mg of protein)

+NQO1 + NADP +NQO1 — NADP —NQO1 + NADP —NQO1 — NADP

UGTs Ml M2 Ml M2 Ml M2 Ml M2
UGTIA9  492.06 + 22.53  7166.74 + 373.68 0 11390 +£ 095 4390 + 3.09 93432 + 4630 0 5261 + 6.79
UGT2B7 189637 + 4544  870.56 + 1325 220 + 0.07 200 + 0.18 3722 +2.75 33.89 + 1.39 113 + 0.20 1.00 + 0.22

P-Lap strongly indicate that NQO1 playes a pivotal role on
initiating a redox clycle, hinting to the potential role of NQOI in
p-Lap metabolism.'”"** In the present study, we have confirmed
that the addition of recombinant NQO1 can dramatically promote
the glucuronidations of S-Lap, although nonenzymatic reduction
of f-Lap was found. For this consideration, we employed pooled
human liver cytosol as an NQO1 donor to conduct the UGT
screening and followed enzyme kinetics assay to mimic in vivo
conditions. Results from the reaction phenotyping assay suggest
UGT1A7, 1A8, 1A9, and 2B7 are the major isoforms involved in
P-Lap glucuronidations. With great benefit from the recent study
in the absolute levels of various UGT isoforms in humans,?® it will
be possible to assess the quantitative contributions of these iso-
forms to the metabolism of #-Lap in vivo. UGT1A7 is expressed in
the proximal tissues of the gastrointestinal tract; UGT1AS8 is
expressed in human jejunum and ileum;”” both UGT1A7 and 1A8
are nondetectable in the liver. In contrast, the level of UGT1A9 in
the liver is much higher than that in the intestine. Thus, it can be
proposed that UGT1A7 and 1A8 are the major determinants for
PS-Lap metabolism in the intestine, while UGT1A9 dominates in
the liver. Because UGT1A9 possesses the highest affinity to the
metabolism of -Lap and its absolute level is higher than UGT1A7
and 1AS8, liver may possess much stronger activity in metabolizing
P-Lap than intestine. Indeed, we found in the enzymatic kinetic
analysis that the total CL,, (M1 + M2) in HLS9 was 8.1-fold
higher than that in HIS9. The formation of M1 was trace and not
quantitatively detectable in HIS9, possibly because of the relatively
low expression of UGT2B7 in human gastrointestinal tract.”®%
To validate the reaction phenotyping results, correlation
analysis and chemical inhibition study were further performed.
The correlation analysis showed that the formation of M1 and
M2 correlated well with naloxone and propofol glucuronidation,
respectively, which is consistent with the reaction phenotyping
results. The effects of typical substrates including propofol
(UGT1A9), naloxone (UGT2B7), and serotonin (UGT1A6)
on inhibiting f-Lap glucuronidation were evaluated in HLS9.
Naloxone, a specific inhibitor of UGT2B7, exhibited strong
inhibition on M1 formation (ICS0 = 104.2 + 1.17 uM). The
UGT 1A9 probe propofol decreased both M1 and M2 formation
in a concentration-dependent manner with IC50 values of 60.53 +
1.04 uM and 91.75 =+ 1.02 uM, respectively. These results strongly
suggest that UGT 2B7 (M1) and UGT1A9 (M2) are the
dominant isozymes involved in the metabolism of f-Lap in the
liver, while UGT1A7 and 1A8 may be involved in the intestine.
It is very interesting to find that f-Lap can be automatically
reduced in a nonenzymatic mode and the autoreduction can be
efficiently promoted by NADPH. In contrast, the nonenzymatic
autoreduction was not observed in tanshinone IIA, a structural
analogue to f-Lap (data not shown). This finding may shed light
on understanding the pharmacological properties of S-Lap. It
has been well acknowledged that the anticancer effect of -Lap
is largely dependent on the quinone reduction triggered redox
cycle. The major limitation of f-Lap as a drug candidate lies in
the fact that the specificity and selectivity to NQO1 dependent
cytotoxicity can be achieved only within a relatively narrow dose
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range and short time exposure.'’ Given that NADPH is equally
distributed across both tumor cells and normal cells, our finding
that NADPH can dramatically trigger the quinone reduction of
P-Lap provides a reasonable explanation to the poor NQOI
specificity and the resultant NQO-irrelevant cytotoxicity of f-Lap
at high concentration and prolonged treatment.'® The future drug
design of NQO1 target quinones should be careful to avoid the
autoreduction property and thus to increase NQO1 specificity.

In summary, the NQO1-mediated quinone reduction and
subsequent glucuronidation represents the major metabolic
pathway for f-Lap in human liver and intestine. We demon-
strate that UGT1A7, UGT1AS8, and UGT1A9 are the predominant
isoforms responsible for the formation of M2, while UGT2B7
exhibits the highest activity for the formation of M1. Results
obtained from the present study may not only be useful for the
understanding of metabolic properties of #-Lap but also shed light
on optimizing the strategy to design NQO1 target quinones.
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