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Abstract

Corylin, an phenolic compound from Psoralea corylifolia, has been reported with various
pharmacological properties but has poor bioavailability due to massive metabolism. In this study,
twelve metabolites of corylin mainly involving in oxidation, hydration, glucuronidation and
sulfation were detected in mice. Furthermore, the oxidation and hydration of corylin (M4) in
human liver microsomes (HLM) and human intestine microsomes (HIM) were both efficient with
high CLiq (intrinsic clearance) values of 24.29 and 42.85 pL/min/mg, respectively. CYP1Al, 1B1
and 2C19 contributed most for M4 with the CL;n values of 26.63, 33.09 and 132.41 uL/min/mg,
respectively. Besides, M4 was strongly correlated with phenacetin-A/-deacetylation (r =0.885, p =
0.0001) and tolbutamide-4-oxidation (r =0.727, p =0.001) in twelve individual HLMs,
respectively. In addition, corylin was efficiently glucuronidated (M7) in HLM (125.33 pL/min/mg)
and in HIM (108.74 uL/min/mg). UGT1A1 contributed the most for M7 with the CL;. value of
122.32 pL/min/mg. Meanwhile, M7 was significantly correlated with p-estradiol-3-O-
glucuronidation (r =0.742, p =0.006) in twelve individual HLMs. Moreover, the metabolism of
corylin showed marked species differences. Taken together, corylin was subjected to massive first-
pass metabolism in liver and intestine, while CYP1A1, 1B1, 2C19 and UGT1A1 were the main
contributors. Finally, the proposed metabolic pathway of corylin involed CYP and UGT isoforms
were summarized, which could help to understand the metabolic fate of corylin in vivo.
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1. Introduction

Corylin is a phenolic compound isolated from the whole plant, fruit and seed of Psoralea
corylifolia L., which has been widely used as a kidney tonifying herbal medicine mainly for
anti-osteoporosis and also considered as a dietary supplement [1]. Meanwhile, it accounts
for 0.06% weight of the dried seeds [2]. Besides, it has attracted increasing interest for
significant pharmacological effects in regulating antioxidant activity [3], inhibiting aldose
reductase [4], and osteoblastic proliferation-stimulating activity [5]. In addition, corylin
could inhibit interleukin-6 (IL-6)-induced signal transducer and activator of transcription 3
(STAT3) activity in hepatocarcinoma Hep3B cells [6]. Recently, corylin was reported to be a
novel anti-inflammatory and immunosuppressive drug candidate in the treatment of sepsis
and septic shock [7].

To date, numerous researches of corylin-containing herbal medicines have been conducted
in the fields of metabolite profiles, pharmacokinetics and drug metabolizing enzyme
inhibition. Previous studies indicated that corylin could undergo extensive phase |1
metabolism (mainly glucuronidation and sulfonation) [8,9]. In addition, it could be quickly
absorbed into rat plasma and distributed almost evenly to the cerebral nuclei [10,11]. And
also, the reports suggested that the prenylflavonoids could more readily enter the brain than
the coumarins in Psoraleae Fructus [11]. Furthermore, it was shown that corylin could
exhibit strong inhibition towards human carboxylesterase 1 (ICsq = 0.7 uM) [12] and UDP-
glucuronosyltransferase 1A9 (Kj = 3.1 uM) [13,14]. However, in spite of the remarkable
biological activities, there are no reports about the metabolism of corylin alone.

For this purpose, the metabolic pathways of corylin /in vivoand in vitro would be
investigated in the present study. An ultra-performance chromatography coupled with time-
of-flight tandem mass spectrometry (UPLC/qg-tof-MS) method was applied to (i) elucidate
the complete metabolic pathway of corylin, including the identification of all phase | and
phase Il metabolites, (ii) determine the contribution of human individual CYPs and UGTs
enzymes to phase | and phase Il metabolism, and (iii) compare the species differences of
liver microsomes-mediated metabolism. This study would be helpful for the understanding
of the metabolic fate of corylin.

2. Experimental

2.1. Chemicals and reagents

Nicotinamide adenine dinucleotide phosphate (NADPH), uridine diphosphate glucuronic
acid (UDPGA), magnesium chloride (MgCl,), alamethicin and D-saccharic-1, 4-lactone
were all provided from Sigma-Aldrich (St Louis, MO). Pooled human liver microsomes
(HLM), twelve individual pooled human liver micro-somes (iHLM), pooled human intestine
microsomes (HIM), rat liver microsomes (RLM), mice liver microsomes (MLM), guinea pig
liver microsomes (GpLM), monkey liver microsomes (MkLM), dog liver microsomes
(DLM), rabbit liver microsomes (RaLM), expressed human CYPs (CYP1Al, 1A2, 1B1,
2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 3A4 and 3A5) and human UGTs (UGT1A1, 1A3,
1A4, 1A6, 1A7, 1A8, 1A9, 2B4, 2B7, 2B10, 2B15 and 2B17) were all obtained from
Corning Biosciences (New York, USA). Corylin (purity > 98%) were purchased from
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Chengdu Chroma-Biotechnology Co., Ltd. (Chengdu, China). p-estradiol, chenodeoxycholic
acid (CDCA), phenacetin and tolbutamide were purchased from Aladdin Chemicals
(Shanghai, China). All other chemicals and reagents were analytical grade commercially
available.

In vivo treatment and samples preparation

Male SPF grade KM mice (6- to 8-week-old) were obtained from the Experimental Animal
Center of Guangdong Province (Guangzhou, China). The mice were maintained in an animal
room with constant temperature (23 £ 2) °C, humidity (60 + 5) % and a 12 h dark/light cycle
for a week before the tests. And all mice had access to water and food ad /ibitum. The
animal protocols were approved and conducted in accordance with the guidelines of
Laboratory Animal Ethics Committee of Jinan University. All procedures were in
accordance with Guide for the Care and Use of Laboratory Animals (National Institutes of
Health).

Eighteen mice were divided into two groups: control group (n = 9) and corylin-treated group
(n =9). Based on our previous study [9], corylin dissolved in 0.3% sodium carboxymethyl
cellulose was given by oral administration at a dose of 40 mg/kg body weight, and control
mice were treated with 0.3% sodium carboxymethyl cellulose only. After oral gavage, all
mice were observed whether abnormal manifestations happened. Blood samples (n = 3)
were collected into heparinized tubes by retroorbital bleeding at 0.5 and 6 h after oral
administration, and plasma samples were separated by centrifugation at 8000g for 10 min.
The mice (n = 3) were implanted with a cannula into the bile duct after an abdominal
incision anesthetized with 10% aqueous chloral hydrate to collect bile. Urine and feces
samples (n = 3) were collected using metabolic cages. Blank biosamples were obtained in
the same way. All biosamples were stored at —80°C until analysis.

Before use, SPE columns (3 cm3, 60 mg, Waters Oasis, Ireland) were conditioned with 3 mL
of methanol followed by 3 mL of ionized water which is same as previous study [15].
Plasma (50 pL), urine (1 mL) and bile (50 pL) samples were loaded on pretreated columns,
respectively. After being washed off by 3 mL of 5% methanol, the cartridge were eluted
using 3 mL of methanol. The methanol filtrate was evaporated to dryness under nitrogen gas
at room temperature. The feces (0.2 g) were pulverized and soaked 50 mL methanol in an
ultrasonic bath for 30 min. The filtrate was evaporated to dryness at 40°C in vacuum. The
residue was reconstituted in 1 mL water. Furthermore, the feces samples (1 mL) were treated
by the same way as the plasma samples. Finally, the residue was reconstituted in 100 pL
methanol and an aliquot of 4 pL samples were injected into UPLC/g-tof-MS.

In vitro phase | metabolism assay

As described previously [16], phase | incubation system (200 pL) contained 50 mM Tris-
HCI buffer solution (pH = 7.4), 0.5 mg/mL of HLM, 5 mM MgCl, and 6.25 uM corylin.
After 5 min of pre-incubation at 37°C, 1 mM of NADPH solution was added. After 1 h
incubation at 37°C, the reactions were terminated using 200 uL cold acetonitrile. After
centrifuging at 13800g for 10 min, an aliquot (8 pL) of the supernatant was injected into
UPLC/g-tof-MS system. Incubation without NADPH served as negative control to confirm
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the metabolites produced were NADPH-dependent. Likewise, incubation system for HIM,
twelve iIHLM, animal liver microsomes and each CYP enzyme was similar to the
microsomal incubation system above. All experiments were performed in triplicate.
Preliminary experiments were performed to ensure that the rates of phase | metabolism were
determined under linear conditions with respect to the incubation time and protein
concentration.

In vitro glucuronidation assay

In brief, a typical incubation mixture (200 uL) contained 50 mM Tris-HCI buffer (pH = 7.4),
0.5 mg/mL of HLM, 0.88 mM MgCl,, 22 ug/mL alamethicin, 4.4 mM saccharolactone and
3.5 mM UDPGA as previously published [17]. After 1 h incubation at 37°C, the reaction
was terminated by adding 200 pL ice-cold acetonitrile followed by centrifugation at 13800g
for 10 min. An aliquot (8 pL) of supernatant was subjected to UPLC/qg-tof-MS analysis.
Incubation without UDPGA served as negative control to confirm the metabolites produced
were UDPGA-dependent. Similarly, corylin was incubated with HIM, twelve iHLM, animal
liver microsomes and recombinant UGT enzymes the above system. All experiments were
performed in triplicate. Preliminary experiments were performed to ensure that the rates of
glucuronidation were determined under linear conditions with respect to the incubation time
and protein concentration.

2.5. Structural identification of corylin and its metabolites

Metabolite screening was performed using a UPLC-g-tof/MS system (Waters Corporation,
Manchester, U.K.). Chromatographic separation was achieved on a BEH C4g column (2.1
mm x 50 mm, 1.7 um) maintained at 35°C. The mobile phase consisted of water (A) and
acetonitrile (B) (both including 0.1% formic acid, v/v), and the flow rate was 0.5 mL/min.
The gradient elution program was as follows: 10-50% B from 0 to 2.0 min, 50-100% B
from 2.0 to 3.0 min. After holding 100% B for next 0.2 min, the column was returned to its
starting condition.

The UPLC system was coupled to a hybrid quadrupole orthogonal time-of-flight (g-tof)
tandem mass spectrometer (SYNAPT ™ G2 HDMS, Waters, Manchester, U.K.) equipped
with electrospray ionization (ESI). The operating parameters were as follow: Capillary
voltage of —2.5 kV (ESI-); Sample cone voltage 40 V (ESI-); Ramptrap collision energy of
40-60 V (ESI-); Extraction cone voltage of 4 V, source temperature of 100°C, desolvation
temperature 300°C, cone gas flow of 50 L/h and desolvation gas flow of 800 L/h. Argon was
used as collision gas for CID in both MS£ and MS2 mode. To ensure mass accuracy and
reproducibility, the mass spectrometer was calibrated over a range of 50-1500 Da using
solution of sodium formate. Leucine-enkephalin (/7/2554.2615 in negative ion mode) was
used as external reference of LockSpray™ infused at a constant flow of 5 uL/min and data
were centroided during acquisition.

2.6. Quantification corylin and its metabolites

Due to lack of reference standard, quantification of corylin-related metabolites was based on
the standard curve of the parent compound (corylin) according to the assumption that parent
compound and its phase | metabolites and glucuronide have closely similar UV absorbance
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maxima [18]. Serial working solutions of corylin were determined on a BEH C;g column
(2.1 mm x 50 mm, 1.7 um, Waters, Ireland, Part NO. 186002350). The detection wavelength
was set at 254 nm and the injection volume was 8 L.

The LOD and LOQ were calculated as 3-fold and 10-fold of the ratio of signal-to-noise
(S/N), respectively. The LOD and LOQ for corylin was 0.01 and 0.05 uM, respectively.
Calibration curves were constructed by plotting corylin peak area ratios (YY) versus corylin
concentrations (X) using a 1/x% weighting factor. Acceptable linear correlation (Y =
18481X) was confirmed by correlation coefficients (/2) of 0.9995. The linear range was 0.05
~ 50 uM. The accuracy and precision of the intra-day and inter-day error were both less than
2.6%.

2.7. Enzymes kinetic evaluation

Serial concentrations of corylin (0.39-50 uM) were incubated with pooled HLM, HIM,
animal liver microsomes, individual CYP enzyme and expressed UGT enzymes to determine
the metabolic rates. The kinetic models Michaelis-Menten equation and substrate inhibition
equation were fitted to the data of metabolic rates versus substrate concentrations and
displayed in Egs. (1) and (2), respectively. Appropriate models were selected by visual
inspection of the Eadie-Hofstee plot [19]. Model fitting and parameter estimation were
performed by Graphpad Prism V5 software (SanDiego, CA).

The parameters are as follows. Vis the formation rate of product. Vi,ax is the maximal
velocity. K, is the Michaelis constant and [ 5] is the substrate. Kj is the substrate inhibition
constant. The intrinsic clearance (CLint) Was derived by Vinax/ Ky for Michaelis-Menten and
substrate inhibition models [20].

Vmax X [S]
= K,+51 O

m

V nax X [5]

V= @)

K, + [S](l + %)
St

2.8. Activity correlation analysis

According to the assay protocol reported previously, the metabolic activities of individual
HLMs (n = 12) toward corylin, phenacetin (a probe substrate for CYP1AZ2), tolbutamide (a
probe substrate for CYP2C9), B-estradiol (a probe substrate for UGT1A1) and CDCA (a
probe substrate for UGT1A3) were determined [20-22]. Corylin (50 uM) was incubated
with NADPH-supplemented individual HLM (1.0 mg/mL) for 60 min, whereas phenacetin
(200 pM) and tolbutamide (500 pM) were separately treated with NADPH-supplemented
individual HLM (1.0 mg/mL) for 120 min. Similarly, corylin (6.25 uM) was treated with
UDPGA-supplemented individual HLM (1.0 mg/mL) for 60 min, while p-estradiol (50 uM)
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and CDCA (250 uM) were separately incubated with UDPGA-supplemented individual
HLM (1.0 mg/mL) for 120 min. Correlation analysis were performed between corylin
oxidation and hydration (M4), oxidation (M5, M10 and M12), hydration (M6) and
phenacetin-/N-deacetylation and tolbutamide-4-oxidation, respectively. Similarly, correlation
analysis were performed between corylin glucuronidation (M7) and B-estradiol-3-O-
glucuronidation and CDCA-24-O-glucuronidation, respectively. Correlation (Pearson)
analysis was performed using GraphPad Prism V5 software.

2.9. Contribution of CYP and UGT isoforms

The contribution of individual CYP and UGT enzyme for corylin phase | metabolism and
glucuronidation in pooled HLM was evaluated by the relative activity factor (RAF) approach
as described in previous study [20]. The RAF value was defined as the activity ratio of a
probe substrate in pooled HLM and an expressed CYP or UGT enzyme using Eq. (3). The
analytical conditions of phenacetin, tolbutamide, p-estradiol and CDCA were shown in
Table S1. The RAFs were derived for CYP1A2, 2C9 and UGT1A1, 1A3 using the well-
recognized probe substrates phenacetin, tolbutamide, p-estradiol and CDCA, respectively.
The contribution of individual CYP or UGT enzyme were calculated according to Eq.(4).

CL,, {probe, HLM}
CL,

RAF =
mt{probe, Supersome}

©)

CL, (substrate, CYPsor UGTs)

Contribution of CYPsor UGTs = CL, (Substrate . HLM) XRAF (4)

2.10. Species difference

A series of corylin solutions (0.39-50 pM) were incubated with six animal liver microsomes
to determine the phase | metabolism and glucuronidation rates of corylin. Kinetic parameters
were derived by appropriate model fitting. The CL;n; values of corylin in different animal
liver microsomes was as evaluation parameter to estimate the species diversity.

2.11. Statistical analysis

Data are expressed as the mean + SD (standard deviation). Mean differences between
treatment and control groups were analyzed by two-tailed Student’s #test. The level of
significance was set at p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***).

3. Results

3.1. Structural identification of metabolites in mice

Parent compound (M0O)—As reported previously [8], corylin (MO) exhibited a typical [M
—H]" ion at 7/2319.0974 (CyoH1504, 1.3 ppm). The MS/MS spectra (Fig. S1a) gave the
main fragment ions at /7/z 303.0658, 289.0505, 275.0714 and 265.0501. In addition, the
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fragment ions at /7/z 183.0736 ([B1-3-H]"), 167.0522 ([B1:3-CH,—H]") and 135.0085
([AY3-H]") were originated from an obvious RDA cleavage.

Mono-oxidated corylin (M5, M10 and M12)—M5 (1.83 min, Fig. S1b), M10 (2.27
min, Fig. S1c) and M12 (2.44 min, Fig. S1d) all gave the [M—H] ions at /7/z 335.0923,
which were characterized as the oxidated products of MO with 16 Da (O) more than MO.
After MS/MS analysis, M5 exhibited the major fragment ions at /7/z307.0974, 277.0505
and 223.0396 with characteristic ions at /m/z 265.0503, 252.0418, 199.0693 and 135.0058
which indicated that the oxidation position was at the D ring. Similarly, the diagnostic
fragment ions at /2 183.0756 and 151.0169 suggested that the oxidation position of M10
and M12 were at the A ring of corylin.

Hydrated corylin (M6) and mono-oxidated hydrated corylin (M4)—M®6 exhibited a
[M-H]~ ion at m/2337.1079 (CygH170s, 0.9 ppm) in Fig. Sle, which was 18 Da (H,0)
more than MO and characterized as the hydrated derivate of M0O. The MS/MS spectra
displayed 319.0994, 265.0498 and 253.0457. The ions at /7/z183.0741, 167.0529 and
135.0086 illustrated that the hydration position was at the double bond of D ring. Besides,
M4 gave the [M-H]™ ion at 77/2353.1024 (CgH170g, —0.3 ppm) which is a 34 Da (H,05)
higher than MO0. The MS/MS spectra (Fig. S1f) displayed an obvious [M—H-H,O]™ ion at
m/z 335.0953, which indicated that M1 was the hydrated and oxidated product of MO. The
diagnostic ions at /7/2 183.0740 and 151.0153 suggested that the oxidation was at the A ring
of aglycone.

Mono-glucuronidated corylin (M7) and mono-oxidated and glucuronidated
corylin (M1, M3 and M8)—Due to 176 Da (CgHgOg) more than M0, M7 (CyH23010, 1.4
ppm, Fig. S1 g) were tentatively identified as the glucuronidated conjugate of corylin. The
MS/MS spectra gave abundant proof with the diagnostic fragment ions at /m/z175.0242 and
113.0283. Similarly, M1, M3 and M8 were tentatively identified as the mono-oxidated and
glucuronidated corylin. Based on the MS/MS spectra, M1 (Fig. S1i) and M3 (Fig. S1j) were
characterized as the glucuronidated products of M5, respectively. And M8 (Fig. S1k) was
tentatively identified as the glucuronidated conjugate of M10 or M12.

Mono-sulfated corylin (M11) and mono-oxidated and sulfated corylin (M2 and
M9)—M11 was eluted at 2.37 min with [M—H]"ion at /7/2399.0538 (CgH150+7S, 0.1 ppm).
In the MS/MS spectra (Fig. S1 h), the mother ion obviously lose a neutral fragment of SO3
(80 Da), which indicated that M11 was the sulfated conjugate of corylin. In addition, M2
(Fig. S1I) was characterized as the sulfated product of M5, whereas M9 (Fig. S1m) was
tentatively identified as the sulfated conjugate of M10 or M12.

In all, the proposed fragment pathway of MO ~ M12 were exhibited in Fig. S2. The extracted
ion chromatograms and absolute areas of metabolites in mice biosamples were shown in Fig.
1 and Fig. S3, respectively. And the UPLC/qg-tof-MS data of MO ~ M12 was displayed in
Table 1.
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3.2. Phase | metabolism of corylin in HLM, HIM and expressed CYP enzymes

After incubation of corylin with NADPH-supplemented HLM and HIM, five additional
peaks (M4, M5, M6, M10 and M12) were all detected by UPLC/qg-tof-MS analysis (Fig. S4).
Kinetic profiling revealed that formation of M4 in HLM well modeled by Michaelis-Menten
kinetics (Fig. S5a), whereas M5, M10 and M12 in HLM followed the substrate inhibition
equation (Fig. S5a). Meanwhile, M4, M5, M10 and M12 in HIM were all well modeled by
the substrate inhibition equation (Fig. S5b). Due to the concentration under the limit of
quantification, it was unable to determine the kinetic parameters of M6. In HLM, M4 and
M5 were the main metabolites with the formation of 38.19 and 38.80 pmol/min/mg,
respectively. Similarly, M4 was the main metabolites in HIM with the formation of 57.59
pmol/min/mg, while M5, M10 and M12 were with the formation of 20.20, 19.34 and 28.92
pmol/min/mg, respectively. M4 and M5 in HLM were both efficient (CLjnt = 24.29 and
11.94 pL/min/mg, respectively), following K, values of 1.57 and 3.25 pM, respectively. The
CLint values of M4, M5, M10 and M12 in HIM were 42.85, 9.30, 10.11 and 6.25
uL/min/mg, respectively, whereas the related K, values were 1.34, 2.17, 1.91 and 4.63 uM,
respectively. The detailed parameters of the metabolites were listed in Table 2.

To identify the enzymes involving in the phase | metabolism of corylin, twelve expressed
CYP enzymes were analyzed for their catalysis activities (expressed as pmol/min/mg
protein). As shown in Fig. S4, CYP1ALl, 1A2, 1B1, 2C8, 2C9, 2C19, 2D6, 2E1 and 3A4
were responsible for the formation of phase | metabolites of corylin. Other three CYP
enzymes were not capable of the production toward phase | metabolites of corylin.

Based on reaction phenotyping results, kinetic profiles of active recombinant CYP enzymes
were analyzed using a series of substrate concentrations. Obviously, M4 was the main
metabolite of corylin in all these active expressed CYP enzymes. The kinetic profile of M4
by CYP1AL (Fig. S5¢) and 2C9 (Fig. S5d) were both well modeled by substrate inhibition
equation, which did not always followed the same kinetics as the formation of M4 in HLM.
In contrast, the kinetic profile of M4 by CYP1A2 (Fig. S5e), 1B1 (Fig. S5f), 2C8 (Fig. S59)
and 2C19 (Fig. S5h) were well modeled by Michaelis-Menten kinetics, which was in line
with its Kinetic profiles in HLM. In addition, the CLjq values (Fig. 2a) of M4 by CYP1A1,
1A2, 1B1, 2C8, 2C9 and 2C19 were 26.63, 6.89, 33.09, 14.05, 5.92 and 132.41 pL/min/mg,
respectively, which indicated that CYP2C19 exhibited the highest activity toward the
formation of M4. Similarly, only CYP2C8 could catalyze the formation of M5, which was
with a CLjqt value of 6.90 uL/min/mg. For the formation of M6, it was unable to obtain the
kinetic parameters. The catalyze efficiencies (reflected by CL;n: values, Fig. 2a) for M10 by
CYP enzymes followed the order of CYP1A1 (15.68 uL/min/mg) > CYP2C19(14.39
pL/min/mg) > CYP1A2 (6.94 pL/min/mg) > CYP2D6(4.86 pL/min/mg) > CYP1B1 (0.75
uL/min/mg). For M12, CYP1A1 showed the highest activity with a CLjn value of 6.61
uL/min/mg, followed with CYP2C9 (CLijnt = 4.79 uL/min/mg) and CYP1A2 (CLjnt = 3.61
pL/min/mg). Hence, CYP1AL1, 1B1 and 2C19 were the main CYP enzymes for the
formation of M4, the main phase | metabolite.
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In vitro glucuronidation of corylin in HLM, HIM and expressed UGT enzymes

Unlike the phase | metabolism, only one glucuronic acid conjugate of corylin (M7) was
detected in glucuronidation assay. Glucuronidation of corylin (M7) in pooled HLM followed
the substrate inhibition kinetics with a small K, value of 5.27 uM (Table 3), suggesting that
corylin was a high affinity substrate for HLM (Fig. S6a). The derived intrinsic clearance
value (CLint) Was as high as 125.33 pL/min/mg, suggesting that corylin was a good substrate
for UGT metabolism. On the other hand, kinetic profiling revealed that glucuronidation of
corylin in HIM followed the classical Michaelis-Menten kinetics (Fig. S6b). The derived Ky,
value was 3.25 UM and the CLj,t value was 108.74 uL/min/mg (Table 3), which indicated
that glucuronidation may be a significant metabolic pathway for corylin in intestine.

Of tested UGT enzymes, UGT1A1, 1A3 and 1A8 were three main isoforms responsible for
generating glucuronide from corylin. Glucuronidation mediated by UGT1A1 (Fig. S6¢) and
1A3 (Fig. S6d) followed the substrate inhibition kinetics, which were in line with its
glucuronidation profiles in HLM (Fig. S6a). In addition, the glucuronidation of corylin
mediated by UGT1A8 (Fig. S6e) followed the Michaelis-Menten profile, which also
followed the same kinetics as HIM (Fig. S6b). Of note, a comparison of the CLj,; values
revealed that UGT1A1 was the UGT enzyme with highest activities toward corylin (Fig. 2b).
The CLjn value for UGT1A1 was 122.32 pL/min/mg. By contrast, glucuronidation of
corylin by UGT1A3 (20.11 uL/min/mg) and 1A8 (3.27 uL/min/mg) was less efficient. In
general, UGT1A1 showed the highest glucuronidation activities for the formation of M7.

3.4. Activity correlation analysis by CYPs and UGTs

Involvement of CYP1A2 and 2C9 in corylin phase | metabolism was further confirmed by
activity correlation analysis using a bank of individual HLMs (n = 12). It was shown that M4
and M5 were strongly correlated with phenacetin-A/-deacetylation with correlation factors (r
=0.885, p =0.0001; Fig. S7a) and (r =0.777, p =0.003; Fig. S7b), respectively. Besides,
M4 and M5 were also significantly correlated with tolbutamide-4-oxidation (r =0.727, p =
0.008; Fig. S8a) and (r =0.743, p =0.006; Fig. S8b), respectively. In addition, activity
correlation analysis between corylin oxidation (M10 and M12), and phenacetin-/\/-
deacetylation and tolbutamide-4-oxidation were all evaluated and exhibited in (Figs. S7 &
S8), respectively. Moreover, the detailed results were shown in Table 4.

In a similar manner, glucuronidation activities between corylin glucuronidation (M7) and f3-
estradiol-3-O-glucuronidation, CDCA-24-O-glucuronidation were performed using twelve
individual HLM. It was shown that M7 were strongly correlated with B-estradiol-3-O-
glucuronidation with correlation factors (r =0.742, p =0.006) (Fig. S9a). Similarly, M7
were correlated with CDCA-24-0O-glucuronidation (r =0.626, p =0.029) (Fig. S9b). The
results indicated that contribution of UGT1A1 to corylin glucuronidation in the liver was
appreciable.

3.5. Contribution of CYP and UGT isoforms

The RAF approach was used to estimate the exact contribution of CYP1A2 and 2C9 to
corylin phase | metabolism in HLM. The RAF values of CYP1A2 and 2C9 were calculated
by the CL;nt values of phenacetin-N-deacetylation and tolbutamide-4-oxidation in HLM and
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corresponding individual CYP enzyme, respectively. As a result, kinetic profiles of
phenacetin-/N-deacetylation (Fig. S10a) and tolbutamide-4-oxidation (Fig. S10b) were
modeled by the classical Michaelis-Menten kinetics. The derived RAFs for CYP1A2 and
2C9 were 0.121 and 0.070, respectively (Table S2). The scaled CL;,: values of M4, M10 and
M12 were0.83 (=6.89 x 0.121), 0.84 (=6.94 x 0.121) and 0.44 (=3.61 0.121) yL/min/mg for
CYP1A2, that was 3.2%, 28.5%, and 21.7%xof total phase | metabolism activity in pooled
HLM. The scaled CL;,; values of M4 and M12 were 0.41 (=5.92 x 0.070) and 0.34 (=4.79
0.070) pL/min/mg for CYP2C9, that was 1.5% and 16.7% of totalx phase | metabolism
activity in pooled HLM. The remaining phase | metabolism activity for M4, M10 and M12
was probably contributed by other CYP enzymes, such as CYP2C8, 2C19, 2D6, 2E1 and
3A4.

Similarly, the RAF approach was calculated by CL;y; values of p-estradiol-3-O-
glucuronidation and CDCA-24-O-glucuronidation in HLM and expressed UGT1A1 and 1A3
enzyme, respectively. The derived RAFs for UGT1A1 and 1A3 were 0.554 and 0.478 based
on previous study [17]. The scaled CLiqt value of M7 was 67.77 (=122.32 x 0.554)
pL/min/mg for UGT1A1 that represented 54.1% of the CLj,; values (125.33 pL/min/mg) in
HLM. The scaled CL;,; value of M7 was 9.61 (=20.11 x 0.478) ml/min/mg for UGT1A3
that represented 7.7% of the total glucuronidation activity in HLM. Obviously, UGT1Al
contributed most for the glucuronidation of corylin in HLM.

3.6. Species difference

Phase | metabolism kinetics of corylin were determined using liver microsomes from
various animal species including monkey, rat, mouse, dog, guinea pig and rabbit (Table 2).
On the whole, M4 and M5 were still the main metabolites by these six animal liver
microsomes. Except MLM (Michaelis—Menten equation, Fig. S11a), kinetic profiles of other
five liver microsomes were all well followed the substrate inhibition kinetics (Figs. S11b—
S11f). The apparent Viax and K, values were determined for the formation of M4, M5, M6,
M10 and M12 by animal microsomes (Table 2). Corylin underwent phase | metabolism in
human and five types of animal microsomes with the CLjq values of 9.15-134.98, 2.03—
23.81 and 1.04-28.68 puL/min/mg for M4, M10 and M12, respectively. The catalyze
efficiencies (reflected by CLin; values, Fig. 3A) for M4 of human and animal microsomes
followed the order of RaLM (134.98 uL/min/mg) > GpLM (95.58 uL/min/mg) > MKLM
(34.49 pL/min/mg) > DLM (29.37 uL/min/mg) > MLM (28.20 pL/min/mg) > HLM (24.29
pL/min/mg) > RLM (9.15 pL/min/mg). Similarly, the order of CLin; values for M10 were
GpLM (23.81 uL/min/mg) > RaLM (15.94 pL/min/mg) > MKLM (12.18 pL/min/mg) >
MLM (8.75 pL/min/mg) > DLM (7.86 pL/min/mg) > HLM(2.95 pL/min/mg) > RLM (2.03
pL/min/mg). In addition, the CL;,; values for M12 were 28.68, 7.38, 6.97, 4.86, 2.47, 2.03
and 1.04 by GpLM, MLM, MKLM, RaLM, DLM, HLM and RLM, respectively.

Glucuronidation of corylin in DLM (Fig. S12a) and GpLM (Fig. S12b) followed the
classical Michaelis-Menten kinetics, whereas corylin glucuronidation by MkLM (Fig. S12c),
RLM (Fig. S12d), MLM (Fig. S12e) and RaLM (Fig. S12f) well modeled by the substrate
inhibition kinetics. Marked species differences (reflected by CLjq values, Fig. 3B) were
noted for the derived kinetic parameters (Table 3). The K}, values ranged from 4.20 to 9.80

J Pharm Biomed Anal. Author manuscript; available in PMC 2019 July 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qinetal.

Page 11

UM; the Vinax values ranged from 211.1 to 1477.0 pmol/min/mg and the CLj,¢ values ranged
from 50.24 to 184.24 uL/min/mg.

Clearly, there were marked species differences in phase | metabolism of corylin (Fig. 3A).
Up to 14.75, 11.73 and 27.58 fold of CL;,; values for M4, M10 and M12 were obtained.
Only 3.67-fold of CLjnt values for M7 were between human and other five types of animal
liver microsomes (Fig. 3B). For the main metabolites M4 and M7, monkey, mice and dog
showed the calculated parameters that were closest to those of humans (Tables 2 and 3). The
kinetic parameters differed by 0.73-1.42-fold between humans and the three animal species.
Hence, monkey, mice and dog were probably the best models for the main phase |
metabolism and glucuronidation studies of corylin in humans.

4. Discussion

As a bioactive phenolic compound isolated in Fructus Psoraleae, corylin has drawn
increasing attentions in the fields of pharmacological activities including antioxidant, anti-
proliferation, anti-inflammatory properties [3-7]. However, its metabolic pathways and
pharmacokinetics properties have not been fully characterized. To the best of our knowledge,
only four literatures reported the metabolism and pharmacokinetics behaviors of corylin in
rats after oral administration of corylin-containing herbal preparations [8-11]. The
pharmacokinetics parameters of corylin in rats have been characterizeds as rapid absorption
and poor bioavailability [10,11], whereas extensive phase Il metabolites could be detected in
rat bio-samples [8,9]. These findings inspired us to further investigate the metabolic
pathways of corylin /n vivo and in vitro.

In this study, we have elucidated the phase | metabolism and glucuronidation of corylin in
vivoand in vitro (Fig. 4). It was revealed that corylin was subjected to efficient oxidation
and glucuronidation, producing the main metabolites M1, M5 and M7 in mice (Fig. 1).
Notably, these three metabolites could be detected in mouse plasma and urine, wihch could
be considered as the potential effective components for pharmacological benefits based on
the theory of serum pharmacochemistry [23]. Besides, /n vitro assays also demonstrated that
corylin could be rapidly oxidated and glucuronidated in both HLM and HIM in the presence
of NADPH or UDPGA (Fig. 3). All of these findings significantly suggested that oxidation
and glucuronidation were the major metabolic pathways of corylin in both mice and
humans.

Taking into consideration that corylin-containing herbal preparations are usually
administrated orally, it is necessary to investigate the metabolic clearance of corylin in
human intestine and liver in depth. Hence, the identification of individual CYPs and UGTs
involving in corylin metabolism is another important task for deciphering the metabolic
pathway of corylin (Fig. 2). It was clearly shown that CYP1A1, 1B1 and 2C19 were the
main contributors to hydration and oxidation of corylin (Fig. 2a), while UGT1Al
contributed most to the formation of glucuronide (Fig. 2b). It has been reported that
CYP1A1 and 1B1 cannot be detected in HLM and mainly expressed in human extrahepatic
tissues (intestine, lung, skin, and kidney, etc), while CYP2C19 was mainly expressed in
human liver and intestine [24]. In addition, UGT1AL and UGT1A3 were mainly expressed
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in the human liver but the content of the former is about 10-fold of that of UGT1A3 [25],
whereas UGT1A8 was absent in human liver and mainly detected in human intestine [26].
These results from reaction phenotyping (Fig. 2) combined with Kinetics assays (Tables 2
and 3), activity correlation analysis assays (Table 4) and RAF approach suggested that
massive metabolism of corylin in extrahepatic tissues, especially human intestine, cannot be
ignored.

As mentioned above, CYP1A1, 1B1 and UGT1AL1 all participated in the phase | metabolism
and glucuronidation of corylin in human intestine, which would assume a great role in the
understanding of oral bioavailability. From the view of the intrinsic clearance (CLjnt Value),
the CLint values of M4 and M7 in HLM were 24.29 and 125.33 pL/min/mg, respectively,
whereas the CLjnt values of M4 and M7 in HIM were 42.85 and 108.74 uL/min/mg,
respectively (Tables 2 and 3). Furthermore, CYP2C19 is more efficient than CYP1AL in the
oxidation of corylin, its inherent clearance (132.41 pL/min/mg protein) is about 5-fold of
that in recombinant CYP1AL. Similarly, the CLj; values of M7 in UGT1A1 (122.32
uL/min/mg protein) is about 6-fold of that in UGT1A3. These findings implied that massive
first-pass metabolism in human liver and intestine would be a significant limiting factor to
oral absorption of corylin. In addition, intestine also abundantly expresses the catalytically
active CYPs (e.g., 1A1, 2C9, 2C19, 2D6 and 3A4) [24] and UGT enzymes (e.g., UGT1Al
and 1A8) [25]. It is certain that corylin was subjected to massive intestinal phase |
metabolism and glucuronidation.

In this study, to explore further the metabolic mechanism, metabolic activities of the CYPs
and UGTSs enzymes toward corylin were determined based on the CLj,; values (Fig. 2)
derived from kinetic modeling. Use of CL;.: values was more advantageous in
characterization of enzyme activities as follows. (1) CL;,; represents the catalytic efficiency
of the enzyme and is independent of the substrate concentration; (2) compared with other
kinetic parameters such as K, and Vinax, CLint is more relevant in an attempt to predict
clearance /in vivo [27]. Besides, it was noteworthy that substrate concentrations in
microsomal incubations (and kinetic parameters) were not corrected due to the presence of
protein binding. This was because binding of corylin (log £ =3.15) to microsomal proteins
was negligible according to the Hallifax and Houston model [28,29]. The model consisting
of log Pand microsomal protein concentration has been shown to provide accurate
predictions on fu values for the compounds with intermediate lipophilicity (log £ =2.5-5.0)
[30]. Also, comparative assessment of several predictive models of 7 has revealed that the
Halifax and Houston model is one of the best performing prediction methods [31].

It is well-known that common genetic polymorphisms among different people, often lead to
different levels and activities of CYPs and UGTs enzyme, which could influence the
occurrence of diseases and efficacy of clinical drugs /77 vivo. In this study, the main
contributors for the metabolism of corylin, CYP1A1, 1B1, 2C19 and UGT1ALl are all
polymorphic enzymes. For example, light smokers with the susceptible genotype CYP1A1
have a 7-fold higher risk of developing lung cancer compared to light smokers with the
normal CYP1A1 genotype [32]. Similarly, CYP2C19 polymorphism (CYP2C19*2,
CYP2C19*3 and CYP2C19*17) exists in approximately 3-5% of Caucasian and 15-20% of
Asian populations being poor metabolizers with no CYP2C19 function [33,34], and this
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could reduce the efficacy of clopidogrel (an antiplatelet agent). Similarly, the UGT1A1
polymorphism (UGT1A1*28) has been associated with the dose-limiting toxicities in
irinotecan (also known as CPT-11) chemotherapy [35,36]. Therefore, it is readily
conceivable that individuals with different polymorphisms most likely exhibited different
metabolic activities of corylin, leading to different bioavailability /n vivo.

5. Conclusion

In conclusion, a total of twelve metabolites involving in oxidation, hydration,
glucuronidation and sulfation were characterized in mice based on retention times and
characteristic fragment ions. Furthermore, CYP1A1, 1B1 and 2C19 were the main
contributors for corylin phase | metabolism, while UGT1A1 was also the main UGTs for
corylin glucuronidation. In addition, M4, M5, M10 and M12 were all correlated with
phenacetin-/N-deacetylation and tolbutamide-4-oxidation, respectively. Similarly, M7 was
also correlated with B-estradiol-3-O-glucuronidation and CDCA-24-O-glucuronidation in
twelve individual HLMs. Based on RAF approach, the contributions of CYP1A2, 2C9
toward phase | metabolites and UGT1A1, 1A3 toward M7 were all calculated, respectively.
Moreover, phase | metabolism and glucuronidation of corylin by liver microsomes showed
marked species differences. Taken altogether, this study proved that corylin was subjected to
efficient metabolism in liver and intestine, where in CYP1A1, 1B1, 2C19 and UGT1A1
were the main contributing enzymes, following the complete metabolic pathway of corylin.
And these findings provide further justification for the metabolic fate of corylin.
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Fig. 1.
Extracted ion chromatograms of corylin and its metabolites in mice bio-samples. (a),

plasma; (b), urine; (c), bile; (d), feces.
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Fig. 2.

£ ¢
UGT isoforms

The CLjnt values of expressed CYPs (a) and UGTs (b). All experiments were performed in
triplicate. N.D. mean not detected. N.A. means that it was unable to determine the kinetic
parameters due to the concentration under the limit of quantification.
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Fig. 3.
Comparison of the CLjn; values of human liver microsomes and five animal microsomes for

phase | metabolism (A) and glucuronidation of corylin (B). (**&P and ¢ compared with the

ClLin; values of M4, M5, M10, M12 and M7 in HLM, respectively. (*#&P.¢ p< 0.05,
% ##,aa,bb,cc p< 0.01, %+ H###H,aaa,bbb,ccc p< 0.001).
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Fig. 4.
Complete metabolic pathway of corylin involving in CYPs and UGTs after oral

administration.

J Pharm Biomed Anal. Author manuscript; available in PMC 2019 July 30.




Page 20

Qinetal.

'$908) 1 ‘3]1q g ‘auln i ‘ewse|d :d ‘8w UORUBISI ;1Y ‘BMjoqeIaW Al 910N

4n uI1A100 parepIXo-ouow €GTO'TST 6G20°€8T ¥TS0°LLZ €GL0'T6C 0870°S0EZ090'6TE 0 SOTHY@O  6T60°GEE A AT
4N u1jA102 pajejns-ouotu €560°6TE T0 S‘O%H%D 8£50'66€ l£2 1IN
4n UIlA100 pajepIXo-ouow  69TO'TST 9520°E8TOTI0°TIZ 9050'LLT 88L0°T6Z T9Y0'SOE 8EI0'6TE ZT  SOYH®D  gze0SEE 177 O0IN
4and u1jA102 pajej|ns pue pajepIxo-ououl 2rL0'€8T 0LL0'T6C 8T60'GEE 20— SBOTH%) L8Y0'STY 8Tz 6
an  ullA109 payepjuoinan|f pue pajepixo-ouow 9250297 GT60'GEE 2 TO"H%®) 622T'TIS S0z 8
and u1jA102 payepiuoinan|B-ouow €820°ETT 2¥20'SLT ¥.60'6TE T OTQ"H%D 86¢T'G6Y 10 LA
n uIjA109 pajelpAy 9800°GET 6250°L9T TYL0'E8T LG0'EST 8670°S9Z ¥660'6TE 60 SOPTH®D  eLOT'LEE 681 9N
4and UIIAI00 PajepIX0-0uoW  8S00'GET £690°66T 96€0°€2Z 8TY0'2SC £0S0°S9Z G0S0°LLTrL60°LOE 0 SOTHY@D  6T60°SEE €8T  SW
4nd u1jA109 pajelpAy pue payepIxo-ouow €GTOTST 0720°€8T 6TS0°ESZ 6SY0°T8Z £560°GEE €0-  %0%H%D  1Z0T'ese 99T W
N U109 payepiuoinon|B pue pajepIxo-ouotu 6¥7v0°'2G¢ 9€50°2LC 6.60°L0€ ¥160°SEE zT  TTO™H%O veT'TIS €5T €N
4nd u11A102 pajey|ns pue pajepIxo-ououw €800°GET 6860°L0€ L060'SEE L'T-  S80%H%) 1870'STY ST 2N
and  ulA102 pajepiuoinaniB pue pajepixo-ouoLl G900'GET €€20°SLT 8290'66T L660°L0E0V60'SEE 80— TQ"H%Y 9€ZT'TIS 8T IN
4and K100 GB00'SET 22S0°L9T 9€L0°€8T T0S0'S9Z ¥TL0'GLC G0S0°682 8590°€0€E €T YOYH%D /6061 297 OW
304nos uoneaynuap| SIW/SW-1S3 (-)  (wdd)iowsg ejnwaog  uol [H-IN]  (uw)Ly  ON

Author Manuscript

“U11A109 JO UOIRNSIUILIPE [2I0 J8)Je Sa|dWesolq 821W Ul SI1101GoUaX JO Blep SIN-J01-b/D1dN

T alqeL

Author Manuscript

Author Manuscript

Author Manuscript

J Pharm Biomed Anal. Author manuscript; available in PMC 2019 July 30.



Page 21

Qinetal.

Author Manuscript

IS T80F06'9  99CF620E EZOF6IT LLOFTST SN
NN 6ET+S0VT 'V'N ET0+TET 0’0 +9€8T YN 80¢dAD
+ + + + ZTIN
IS 8T'0FGL'0 8ZOT¥626E EITTF8YG 6v0F 2Ty OTIN
- - - - I
- - - - SN
NN 8/'T ¥ 60'EE VN 900F60T TVOFOT9E  #IN  TGTdAD
NN o+ 19¢€ 'WV'N  STT+€E00T TS T+619€ ¢TIN
NN 68°0 F ¥6'9 VN 92TF050T Zzev16T7L  OTN
- - - - 9N
- - - - SN
NN 09'0 7689 VN EL0F6L8 SLTFIS09  ¥IN  ZVIMAD
IS LOTFT99  [£€F002C TOTFIV. 0V F.687  CIN
IS GE'T+89GT ¢CT+S09T GBO+TTCT T9'6+ 06'68T OTIN
- - - - 9N
- - - - SIN
IS 96°'€¥ £€9°9¢C 66'€ + L1°9¢ G8'0F Lv'9 67'€T+ 06'G9T YN TVTdAD
IS SGTFGZ9  85/F986C 00 TFEQY S5€¥ 2682 CI
IS VETFITOT  L20CFS096 ¥ZOFI6T 96'07 ¥€'6T  OTW
+ + + + 9N
IS 8OTFO0S'6  6LOTFVL'89  EZOFLIT €6'0F 02'02 SW
IS 6L7FG8TY TYLEFOL6TC  8OOFVET €ZTF65.S YN WIH
IS TT'0¥€0¢C LE'9F GC'8L YT0+1¥9°¢ ¢T0+.€9 ¢TIN
IS IS0FS6Z  68CIFSOV.  TCOFSST 9z0F9r'S  OT
++ ++ ++ ++ 9N
IS 08’0+ ¥6'TT 8T'9F¥ €0'89 0C0+SCe ¢T'T¥08'8E SN
NN L90F 62V VN ¥00F ST vZ0T6T8E YA TH
18poN (Buiyutwy) M0 (IAT) 'y (AM) "y (Bwyuiwyjowd) *™*MA - elN

"a1ea1|di) ul pawoylad asem spuswiiadxa |1V (AS F UeaN) INTed pue IANT1dO ‘INT1a ‘INTTIN
‘NTH INTAIN sawiAzus d AD passaidxe ‘INIH ‘INTTH Ag (ZTIA pue OTIN ‘9IN ‘SIAL ‘7IA) UlIA100 Jo saujoqelsw | aseyd ay) 10§ paALIsp sisiaweled onaury

¢ dlqeL

Author Manuscript

Author Manuscript

Author Manuscript

J Pharm Biomed Anal. Author manuscript; available in PMC 2019 July 30.



Page 22

Qinetal.

NN

NN
NN

+
80°0TF 6L°€L
L6EF 6YvE

+

+

+
+
8€°0+ 98V

+
+

06'T ¥ 6EVT
N

G8'8 F TY'ZeT
LTO0F6LY

+

080 ¥ 26'G

+
ZeTT ¥ 2689
6L°0TF Y0OL

+

+

+
+
LTSFTIT'SS

'V'N
'V'N

€C'LT¥ S5°G8

+
LT0F9TT
VI0FZET

+

+

+
+
0TO+1ET

+
+
ZT0FSLT
+
8TOF vy
800 F 8T
+
TC0F0LT

+
T2°87 09°6T
G8'TF 6V'GY
+

+

+
+
8T°0+ G€'9

+
+

8L'0F ¥T'Se

N

60'TT¥ 06°285
80'0%29'9

+

05'0% £0°0T

9N
SIN
YIN
C¢TIN
OTIN
9N
SIN
YIN
CTIN
OTIN
9N
SIN
YIN
C¢TIN
O0TIN
9N
SIN
YIN
C¢TIN
OTIN
9N
SIN
YIN
CTIN
OTIN
9N
SIN
YIN
C¢TIN
O0TIN
9N

NTIN

YVEAAD

T3¢dAD

9d¢dAD

6TO2dAD

62¢dAD

ISPON

(Buwyuiw/n) 90

7

()

() 4y

(Bwyuiwyjowd) A

REET

Author Manuscript

Author Manuscript

Author Manuscript Author Manuscript

J Pharm Biomed Anal. Author manuscript; available in PMC 2019 July 30.



Page 23

Qinetal.

Author Manuscript

‘|apoW USIUBIA-SI[3BYIIIA ‘WA [9POW UORIGIYUI 31BASNS ‘|S ‘SaW0S0oIW
19A1] 1qge] ‘NTeY ‘sawosoolw JaAl] Bid eauinb ‘|Nd ‘sawosooiw JaAl BOp ‘AT LSBLIOSOIDIW JBAI| 1B ‘INTY ‘SBIOSOIDIW JBAI ASHUOW ‘INTTAIAl ‘SBLUOSOIOIL BUMNSBIUI UBWNY ‘|A[H ‘S8W0S0oIW
JOAI] UBWINY ‘TH ‘8]1304d D118UIY [INJ © JO B0USSEE U Ul s1olawesed d118UIy U} SUILLIBISP 01 3]qeUN “++ ‘UOIIEIIIUBND JO JWI| 8Y) Japun ‘+ ‘pajoslap 10U ‘— '9|ge|IieAR 10U “\*N ‘Sa}|0geIsW “eI8|A ;310N

NN ZT07 98y VN 0T0F0TY YT0F6%6T  ZIN
IS 6C°€F ¥6'ST T8°LT +T0'S9 L9TF.LV'6 LZ'9T+ 6°0ST OTIN
++ ++ ++ ++ 9N
+ + + + SN

IS ZELTF86VET  TYO0EFESIT  0Z0F99T 6T0TF '€z W WTe
IS 0SV¥8987 <SETFESVY  SYOFITE TT9¥G506 ¢TI
IS VZEFIQEC  6STIF6VL9  SEO0F 8T Z8EFTL9  OIW
NN 6L T +9€'€C 'V'N S0'0+0L0 0+ LEIT 9N
IS 65V F202C  6S6IFVETL  LTOF 880 82T ¥ LE'6T SN

IS €ZI¥8GG6 CT'8ZFO0STCT  6T0FTIOT 00,7 0L°€ST YN Wdo
IS 9€'0F Lv'¢ €ET+06'L9 890+ TE'S 060+ TT'ET ¢TIN
IS 06'TF98'. 86V ¥26TC V8TFIC6 GL678€2.  OTW
NN 6,0 F€0'TT VN 800F6TT 020 FTET IN
- - - - SN

IS €OETFLE6C CE6CFOSOST  ZTOFSOT TZTF 0608 YN Wia
NN 6707 8¢, VN TTO0F9T 6T0F2I2T  CIN
NN 79'0+G.'8 'V'N STO+TT¢C €E'0+ 98T OTIN
+ + + + 9N
+ + + + SN

NN SL'T+0¢'8¢ 'V'N L00%¢CT 9’0+ GC'VE YN ARIA
IS 6E0FVOT  GT6F2GGC 9T'VFOL'ET LOEFIEYT  CIW
IS ZS0F €0  860ZF 9529  ZETF98'G rTF88TT O
+ + + + 9N
NN 590 F59'L VN L00F8L0 T0F09 SN

IS €LTFST6  VO0ZFEV9.  ZETFOT'8 SOLFCTYL YN W7
IS 8G'T+.69 88'CT+ ¢0'8Y ¢S50+ ¥5'¢ TLTFELLT ¢TIN
IS GgTFOIZT  9T9FGTLE TE0FLTT 6LTFTLL2  OTN
1BPoIN  (Bujurwyr) 70 (M) 'y (AM) "y (Bwyuiwy/jowd) **MA - e1N

Author Manuscript

Author Manuscript

Author Manuscript

J Pharm Biomed Anal. Author manuscript; available in PMC 2019 July 30.



Page 24

Qinetal.

Author Manuscript

"|apOW UBIUBIA-SI[3BYIIIA ‘WIN ‘[9POW UORIGIYUI 31RASNS ‘|S ‘SAWIOSOIOIW JBAI| MQel ‘IATeY ‘Sawosolaiw Janll Bid esuinb ‘NT7do ‘sewosoloiw
1aA1] Bop ‘INTTQ ‘SBWOSOIOILL JBAL] 1ol ‘AITY ‘SBWOSOIOIL 18AT] ASYUOW ‘INTHIAI S8LI0S0IOIW BUNSBIUI UBWINY ‘II|H ‘SBWO0S0I0IW JaAI] UBWNY ‘INTTH ‘9]qe|IeAR 10U “y*N ‘Sall|ogeIsW “eI8 | 810N

IS €V'0T+ 9268 LTV+ E6'EE ELOF VEL ET0r + L'¥99 LN NTTeY
AN ETTIF ¥C'H8T 'V'N Y0¥ ELL 1GLCF O'vevT LIN W1do
AN 00 ¥25'T6 'V'N 0€'0¥ ¥8'S 89'8 ¥ V€S LIN WTd

IS v LeF L0ETT 0S¥V +.0°0C G9'T+ ¢C'8 E€VCT +6'6¢6 LN ARIA

IS 008+ 12’05 S6'TFTLET LG'0¥ 02’ SLLTFTTIC LIN WTH

IS €8'9T+ 8/°0GT LT+CELT 06'0¥ 086 CEV6 FO'LLYT LIN NN
NN 8C0+F.C€ 'V'N V6T 65°GC 90'€¥ 92°€8 LW 8VTLON

IS ITC+1TIT0C S6VFEQTY LE0F €8°C 08'€¥ 66'9L LN EVTLON

IS L0'TC +2E€CCT  86'ET+CT'C9 05'0¥ 0C'€ ST'6¢ + 8'06€ LN TVTLON
NN 0€'TT +7.'80T 'V'N €0+ GC'e TL'6FC€SE LN WIH

IS 8G°CT +EE'GCT  G8'9F L6'VS 9'0F LZ'S SL'TE ¥ 1099 LIN WTH

13PoIN (Bwiyuiwyr) Mo (M) (AwW) Yy (Bwyuiwy/jowd) WA eISN  BswAzuz

€ 9lqeL

Author Manuscript

‘a1eol|diy ul pawopiad atam sjuswlIadxa ||V (AS F uesiy) INTeY pue
W99 ‘1A ‘INTINL ‘INTE SINIINL ‘sBwiAzua 1 9N passaldxa ‘INTH ‘INTH Ag uljA109 Jo (2IA) sapiuoinan|b uljA109 ayi 10} paALIap Sia1aweled onaury|

Author Manuscript

Author Manuscript

J Pharm Biomed Anal. Author manuscript; available in PMC 2019 July 30.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Qinetal.

Table 4
Metabolic activities correlation analysis of individual HLM (n = 12) toward corylin and corresponding
substrates.
Enzyme  Substrate Metabolite rvalue pvalue
CYP1A2  phenacetin M4 (oxidation and hydration)  0.885 0.0001, **
CYP1A2  phenacetin M5 (oxidation) 0.777 0.003,
CYP1A2  phenacetin M10 (oxidation) 0.579 0.049, ©
CYP1A2 phenacetin ~ M12 (oxidation) 0.652 0.022, ©
CYP2C9 tolbutamide M4 (oxidation and hydration)  0.727 0.008, ™
CYP2C9 tolbutamide M5 (oxidation) 0.743 0.006,
CYP2C9 tolbutamide M10 (oxidation) 0.697 0.012, ©
CYP2C9 tolbutamide M12 (oxidation) 0.624 0.030, ©
UGT1A1l B-estradiol M7 (glucuronidation) 0.742 0.006,
UGT1A3 CDCA M7 (glucuronidation) 0.626 0.029, ©

Note: CDCA, chenodeoxycholic acid. All experiments were performed in triplicate.

*
p<0.05,

*ok

p<0.01,

Aok

< 0.001.
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